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A narrowing, either of the nasal airway or the large airways, causes impaired airflow and 
results in respiratory insufficiency. Imaging the airways is important for the diagnostic evaluation 
of airway disorders. Existing approaches, such as bronchoscopy/ endoscopy or Computed 
Tomography (CT), are either qualitative or are impractical to use for routine assessments. 
Endoscopic Optical coherence Tomography (OCT) can be used to obtain quantitative images of 
the dynamic airway in real-time and to reconstruct airway volumes. 
In order to image the large airways, an OCT system with a long imaging range and high 
sensitivity is necessary. The data acquisition scheme for an endoscopic OCT system with a 
wavelength swept laser source was developed and refined to enable imaging in the large airways. 
A pressure acquisition system was also integrated to allow synchronous, invasive, pressure 
measurements to be made in conjunction with OCT scans. Experiments were performed in 
mechanically ventilated pigs to demonstrate the airway imaging capabilities of the OCT system. 
The results obtained from OCT were validated against CT scans acquired during the same exam. 
The combined pressure and OCT-derived cross sectional area plots, measured in vivo over a 
respiratory cycle, exhibited hysteresis loops, indicating the viscoelastic nature of the airway 
deformation.  
Endoscopic OCT imaging was also performed in the nasal cavities of cadaver heads to 
assess the outcomes of functional rhinoplasty procedures. OCT-derived volumes of the nasal 
airway were compared against CT volumes and found to depict the nasal vault faithfully. 
iv 
A fiber-optic probe with a low numerical aperture lens at its tip is better suited for imaging 
large luminal organs, as the distance between the probe and the tissue surface is unknown and 
variable. A novel, multi-segment, all-fiber lens, that can produce nearly collimated beams with 
working distances larger than 14 mm, was designed, fabricated, and tested. Finally, the non-
unform rotation distortion produced by a super-elastic Nitinol tube drive-shaft was compared 
against the performance of a torque coil drive-shaft.  
It is hoped that the results presented will help advance the adoption of endoscopic OCT in 
routine clinical practice for the assessment of airway disorders.
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CHAPTER 1: INTRODUCTION 
The nasal airway, upper airway, trachea, and bronchi form the conduit between the external 
environment and the lungs, serving to transport respiratory gases and to expel pulmonary 
secretions from the airways. Any narrowing in these regions of the airway causes impaired airflow 
and retention of pulmonary secretions, resulting in respiratory insufficiency and recurrent 
pneumonia. These conditions have a significant impact on the patient’s quality-of-life and can be 
potentially life-threatening. Imaging the airways is important for the diagnostic evaluation of 
airway disorders. The use of endoscopic Optical coherence Tomography (OCT) can enable high-
resolution, volumetric, quantitative imaging of the airways in real-time. OCT imaging has the 
potential to address some of the limitations associated with imaging modalities used currently for 
the clinical assessment of airway narrowing.    
1.1 Airway disorders, etiologies, and incidence 
Central Airway Obstruction (CAO) is a narrowing of the large airways including the upper 
airway, the trachea and the mainstem bronchi. CAO is a complex condition that can occur due to 
a number of malignant and benign processes [1]. The range of potential causes include: injuries 
acquired from clinical interventions such as intubation or tracheostomy, congenital causes, 
inflammation due to an infection, burn or toxic gas exposure, benign or malignant neoplasms, and 
other idiopathic causes [1]. A structural or static narrowing of the airways can be caused by 
conditions such as intraluminal inflammation, extrinsic compression, or distortion of the airway 
shape following wound healing [2]. Dynamic or functional stenoses are caused either by a loss of 
cartilage integrity (e.g., tracheomalacia) or by a floppy membrane and result in narrowing of the 
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airway only during specific segments of the respiratory cycle [2]. Collapse of the pharyngeal 
muscles due to negative inspiratory pressure, can also cause a dynamic obstruction of the upper 
airway and result in conditions such as obstructive sleep apnea (OSA) [3]. Nasal airway 
obstruction (NAO) is a narrowing of the nasal passages and can also cause reduced airflow to the 
lungs. In particular, the internal nasal valve (INV) region of the nasal passages is particularly 
susceptible as it is the narrowest portion of the nasal airway and is responsible for approximately 
two-thirds of total nasal airway resistance [4].  NAO can be caused by anatomical causes, 
inflammatory conditions (e.g., Rhinitis, Sinusitis), or other conditions such as trauma or neoplasms. 
Nasal valve compromise (NVC) is an anatomical cause of nasal obstruction that causes narrowing 
of the INV and impairs airflow through the nose. Similar to narrowing in the large airways, NVC 
can either be static (nasal valve obstruction) - caused by a fixed narrowing, or dynamic (nasal 
valve collapse)- caused by a loss of muscle or cartilage integrity [5]. 
Owing to the wide range of conditions that can cause impaired airflow through the airways, 
conditions such as NAO and OSA are widespread, while CAO is more prevalent in patients with 
a history of other complications. It is estimated that 20-30% lung cancer patients develop 
complications due to CAO [6] and 10-22% of patients undergoing intubation or tracheostomy 
subsequently develop airway stenosis- with 1-2% of them being severe or symptomatic [7]. OSA 
is a condition with wide prevalence, with an estimated incidence of 20% in the adult population, 
but remains mostly undiagnosed [8]. NAO is also a common complaint, with up to one third of the 
adult population suffering from some degree of functional obstruction that presents as breathing 
difficulty. Nasal valve collapse is estimated to be a cause of nasal obstruction in up to 95% of 
patients with persistent nasal congestion after septoplasty and in 13% of adults with chronic nasal 
obstruction [9]. 
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1.2 Clinical assessment of airway narrowing 
Bronchoscopy, either rigid or flexible, is the primary modality used for diagnostic 
evaluation of the upper and large airways, with rigid bronchoscopy being preferred for therapeutic 
procedures [1] [10]. Rigid endoscopy may also be used to examine portions of the upper airway, 
while nasal endoscopy is the primary means to examine the nasal cavity. In current practice for 
the diagnosis of CAO, most bronchoscopists admit to visually estimating the extent of airway 
narrowing [11], which has been shown to be subjective and variable [12] [11]. While there is a 
lack of consensus in grading findings associated with OSA, polysomnography is a widely used 
method for the diagnosis of OSA [13]. However, such sleep studies do not allow for the detailed 
assessment of the airway shape or the reasons for the dynamic airway collapse. NVC is diagnosed, 
and treatment outcomes are evaluated using a combination of physical examination and patient-
reported subjective measures [14]. Although bronchoscopy and endoscopy are qualitative in nature, 
methods exist to derive quantitative airway sizes from endoscopic images [15]. However, such 
approaches are cumbersome to use, yield measurements only at a limited number of locations and 
are not widely used in practice [11]. Additionally, endoscopic video images are subject to a number 
of distortions that can introduce inaccuracies in measurements [16]. Therefore, there is consensus 
that there needs to be an improved, standardized method to measure and document airway 
narrowing for treatment and follow-up [11]. 
In addition to approaches listed above, several other modalities exist to diagnose or 
estimate the severity of airway narrowing. Pulmonary function testing and related methods are 
performed in patients with sub-acute symptoms or for treatment follow-up. However, such 
methods do not reveal the exact location, extent, or morphology of the airway narrowing and have 
low sensitivity for detecting mild to moderate reductions in airway caliber [17]. Endobronchial 
Ultrasound can be used to quantify airway dimensions in the lower airways, but isn’t suitable for 
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use in the large airways due to the need for a water-filled balloon inflation [18].  In the context of 
nasal airways, global measurements such as the overall nasal airway resistance or peak inspiratory 
flow also yield limited information [19]. Acoustic Rhinometry (AR) or Acoustic Pharyngometry, 
which are methods based on the reflection of acoustic waves, can produce a series of cross-
sectional area (CSA) measurements of the nasal cavity [20] or the upper airway [21], but these 
methods offer limited insight into the airway shape and cannot measure regions beyond narrow 
apertures [20].  
Computed Tomography- (CT) or magnetic resonance imaging- (MRI) derived three 
dimensional (3D) volumes allow for a non-invasive, quantitative assessment of the extent and 
location of airway narrowing, both in the nasal cavity as well as the rest of the airway. CT volumes 
can also be rendered to derive virtual bronchoscopic views of the airway [22]. Accurate 3D models 
of the airway generated from high-resolution CT or MRI can also be used to perform 
computational fluid dynamics (CFD) simulations of airflow. CFD simulations can yield 
physiological measures, which are not possible by other means- for instance local values of flow 
rate, resistance, and heat transfer may be derived [23]. However, CT scans involve exposure to 
ionizing radiation and MRI studies require long exam times. Therefore, they do not allow 
assessment of airway status immediately prior to or during a bronchoscopic intervention and may 
be difficult in patients with severe dyspnea or active sputum production [18].  Another important 
limitation of imaging studies with CT or MRI, is that such studies typically only yield a static 
measurement of airway dimensions. Respiratory-gated scans may be used to image the dynamic 
airway during respiration, but such scans have limited temporal resolution. Cine imaging studies 
have better temporal resolution, but typically only image a limited region of the airway. In either 
case, dynamic studies of the airway with CT or MRI may need additional equipment and are 
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impractical to perform repeatedly on patients before and after an intervention. In the case of nasal 
airway imaging, such scans also do not take into account factors such as nasal congestion [19]. 
1.3 Optical Coherence Tomography 
OCT is a technique that uses low coherence interferometry to image biological samples in 
cross-section with high resolution [24]. OCT is analogous to ultrasound, in that it measures the 
magnitude and time-delay of back-scattered signals from a sample, but uses light instead of sound. 
A Michelson or a Mach-Zehnder Interferometer (MZI) is typically used to combine the light back-
scattered from the sample with light returning from a reference arm. The resulting interference is 
then detected and processed to produce the OCT signal. The use of a low-coherence source allows 
for fringe bursts in the detected interference signal and enables biological samples to be scanned 
in depth with high axial resolution- typically around ten microns. The transverse resolution is 
determined by the properties of the lens that focuses light onto the sample, and is independent of 
the axial resolution. The use of near-infrared wavelengths in OCT enables light to penetrate up to 
a limited depth in biological media and allows sub-surface tissue structures to be imaged- typically 
up to a depth of ∼2 mm in airway tissue, when using a light source centered at 1300 nm. OCT 
images are formed by assembling a series of one-dimensional (1D) signals that depict sample 
reflectivity as a function of depth (called an A-line). By acquiring A-lines at consecutive transverse 
positions, a two-dimensional (2D) image (called a B-scan) is obtained. Multiple B-scans, acquired 
at different longitudinal positions, can be combined to yield a volumetric representation of the 
tissue. The amplitude of the A-line represents the amount of back-scattered light, while the position 
of the peaks represents the time delay- which is often converted to depth by assuming a refractive 
index for the medium. The ability of an OCT system to detect features over the imaging range 
depends on the minimum measurable reflectivity as a function of distance, called the sensitivity 
and expressed in decibels (dB).  
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The earliest OCT systems measured an A-line by mechanically scanning the reference arm 
length and using a single element photodetector to measure the intensity of the interference signal 
as a function of the reference arm position. Such systems are called Time Domain OCT (TD-OCT) 
systems. These systems have limited imaging speeds and have been mostly superseded by OCT 
systems that perform the A-line measurement in the Fourier domain. These Fourier Domain OCT 
(FD-OCT) systems do not involve a moving reference mirror and can therefore operate at much 
higher speeds. Additionally, such systems have a significant sensitivity advantage when compared 
to TD-OCT [25]. One variant of FD-OCT, called Spectral Domain OCT (SD-OCT) utilizes a fixed 
reference arm length and a spectrometer to disperse the interference signal onto an array of 
photodetectors. The A-line in this case is obtained by computing the magnitude of the Fourier 
transform of detected signal. A second variant of FD-OCT, called Swept Source OCT (SS-OCT) 
or Optical Frequency Domain Imaging (OFDI) utilizes a laser source that sweeps its central 
wavelength as a function of time. The reference arm length is again kept fixed and a single 
photodetector is used to detect the interference signal as a function of time over a single sweep of 
the source. This time series when processed using a Fourier transform and magnitude computation 
yields the A-line. SS-OCT systems can be built using standard, off-the-shelf, fiber optic 
components and are less susceptible to mis-alignment; thus, making them particularly suitable for 
deployment as a cart-based, clinical imaging instrument.    
OCT systems have been widely used for high resolution, sub-surface imaging of tissue 
microstructure (“optical biopsy”) in a wide range of biomedical research and clinical applications. 
The earliest clinical application of OCT was in ophthalmology [26], where it is routinely used for 
retinal exams and continues to remain the most prominent application area for OCT. OCT can be 
adapted to image luminal organs in the body endoscopically by the use of a flexible fiber optic 
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probe in the sample arm. The flexible probe is introduced into the organ and volumetric scans are 
typically performed by rotating and pulling back the probe tip. Endoscopic OCT is widely used in 
interventional cardiology to image the coronary arteries [27], and has also received regulatory 
approval for use in gastroenterology [28]. In addition to these, there are a large number of research 
studies where endoscopic OCT has shown great promise. For instance, in pulmonology, where it 
has been used for imaging the small airways (called Endobronchial OCT), as well as in application 
areas such as urology, gynecology, and otolaryngology [29]. In nearly all of these applications, the 
OCT system has a short imaging range (typically a few millimeters) and the imaging beam is 
tightly focused at a position close to the tissue surface. Thus, such systems are better suited to 
image small luminal organs or tissues that are in close contact with the OCT probe. 
 
Figure 1-1: Overview of the endoscopic OCT imaging process. (a) OCT catheter in the airway. (b) Representative 
A-line acquired at one rotation angle. (c) Representative B-scan shown as a polar (top) or Cartesian image (bottom) 
representation. (d) Stack of B-scans acquired during a pullback helical scan. (e) Volumetric reconstruction of the 
airway derived from the pullback OCT image stack 
Figure 1-1 provides an overview of the image acquisition process in an endoscopic OCT 
system. The flexible fiber optic OCT probe, with a lens at its tip, is placed in a transparent, sealed 
sheath that remains stationary and serves to isolate the tissue from the rotating probe (shown in 
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Figure 1-1(a)). This combination of the probe and sheath is referred to as the OCT catheter here. 
The lens at the tip of the OCT probe directs and focuses light on to the sample and also collects 
the back-scattered light. In the case of SS-OCT, an A-line is acquired over one sweep of the laser 
source. The laser sweep speed is typically much faster than the rotation rate of the probe and 
therefore the A-line can be assumed to be acquired at a fixed probe rotation angle. A representative 
A-line acquired at an arbitrary angle is shown in Figure 1-1(b). The probe tip is rotated and A-
lines are acquired at multiple angles. A-lines from one complete rotation are assembled to form a 
B-scan shown in the top image in Figure 1-1(c). An image acquired in this fashion is in polar 
coordinates and may be converted to a Cartesian representation (Figure 1-1(c), bottom) to allow 
for a more natural representation of the organ. The B-scan is also sometimes called a frame as it 
represents a complete luminal cross-section. The OCT frame rate depends on the type of system 
and the OCT probe design. TD-OCT systems are limited by the reference mirror scan speeds and 
typically have very slow frame rates- usually only a few Hz. Frame rates with FD-OCT systems 
that feature fast line-scan cameras or rapid swept sources are typically limited by the mechanical 
rotation speed of the probe tip. Proximally actuated probe designs utilize a fiber optic rotary 
junction (FORJ), and a motor along with a drive-shaft, to transfer rotary torque to the probe tip. 
This design allows for a simple probe construction and moderate rotational speeds of up to ~100 
Hz. The other alternative is to have nearly the entire probe stationary and only rotate the distal tip 
with a micro-motor. Such designs are complex and expensive, but allow frame rates of several 
hundred frames per second.  
Rotational scans may be performed while keeping the longitudinal position of the probe 
tip fixed, for instance in dynamic imaging of the airway during respiration. However, it is more 
common to perform volumetric imaging by simultaneously rotating and pulling back the probe tip 
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to perform a helical scan. In this case a stack of frames is obtained (shown in Figure 1-1(d)); these 
image stacks can be processed to produce volumetric reconstructions, such as the one shown in 
Figure 1-1(e).  
1.4 Endoscopic OCT imaging of the airways 
OCT is a particularly attractive modality for imaging the airways as it can produce cross-
sectional images that are not affected by the distortions commonly encountered in video endoscopy. 
OCT scans are also performed in real-time, allowing for the assessment of static or dynamic 
obstruction of the airway with respiration [30]. In the case of diagnostic imaging, volumetric 
assessment of the airway may be performed with OCT along with other tests in the physician’s 
office without having to schedule a separate exam or exposure to ionizing radiation as in the case 
of CT studies [31]. Intra-operative use of OCT is also straightforward as the flexible catheter can 
readily be introduced into the airway along with other interventional devices [32]. Volumetric 
reconstructions of the airway can be used to assess complex airway stenoses and also the structure 
of the nasal valve region. High resolution 3D models derived from OCT scans can also be used for 
CFD simulations to predict the nature of the airflow and for deriving physiological measures of 
patency [33] [34] [35]. Owing to OCT’s ability to image tissue sub-surface structure, OCT images 
may also be used to assess airway epithelial damage or cartilage integrity during the exam. 
Additionally, it is also feasible to distinguish between edema, granulation tissue, neoplastic 
processes, and mature fibrotic scars based on their appearance on OCT images [36] [37] [31]. 
Compared to other endoscopic applications of OCT, the large airways and the nasal 
passages have large dimensions and do not allow for the use of a balloon catheters or similar 
devices to position the probe within the lumen. Therefore, OCT systems designed for volumetric 
imaging of such organs must support longer imaging ranges (typically much larger than 10 mm) 
with high, roughly uniform sensitivity over the entire imaging range in order to accommodate 
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variable distances between the sample and the probe tip. While it is possible for such systems to 
image both the tissue microstructure as well as the global shape of the airway [37], the primary 
objective of most OCT systems designed to image the large airways is to accurately reproduce the 
airway shape [38] [33]. Owing to this emphasis on imaging the global anatomy of the airway, such 
OCT systems were called long range OCT (LR-OCT) at the time of their introduction in 2003 and 
subsequently renamed as anatomic(al) OCT (aOCT) [39] [38]. These early systems were time 
domain systems equipped with a flexible fiber optic catheter with a gradient refractive index 
(GRIN) lens at its tip. Imaging studies were performed at a ~2.5 Hz frame rate and a ~0.4 mm/s 
pullback speed with a peak sensitivity of ~98dB [38] [40]. A series of pioneering studies 
established the feasibility of using OCT for the diagnosis of OSA [38], for the imaging of the 
trachea and bronchi during bronchoscopy [40], for guidance of interventions for CAO [32], and 
for inferring mechanical properties of the airways by combining OCT-derived airway 
measurements with transpulmonary pressures [41]. However, the slow scanning speeds resulted in 
low resolution volumetric reconstructions that were time-consuming to acquire and the limited 
sensitivity prevented the visualization of any sub-surface tissue structures.  
A Fourier domain system capable of imaging the upper airway was introduced in 2012 [42]. 
This system also had a GRIN lens based probe but used a swept laser source with a large coherence 
length that allowed for scans of the upper airway to be performed at speeds up to 25 Hz. Similar 
systems were subsequently used to image pediatric patients with sub-glottic stenosis (SGS) [37], 
to determine surgical outcomes in adult SGS interventions [43], as well as to image the INV [44].  
Imaging of the upper airway at frame rates up to 200 Hz has since been demonstrated by the same 
group with a micromotor-based, distally-scanned, GRIN-lens based fiber optic probe and a 100 
kHz swept source [33].  
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These studies have shown that OCT imaging can function as a very valuable addition to 
endoscopy or bronchoscopy, enabling quantitative imaging of the airway. The OCT catheter can 
be introduced through the working channel of a bronchoscope or by itself and positioned in the 
airway under endoscopic guidance to obtain real-time images of the airway in cross-section during 
respiration. A pullback helical scan can be used to produce 3D volumes depicting the airway 
morphology in detail. Such volumetric, real-time, and quantitative measurements of the airway 
would be a valuable addition to the clinical decision-making process. In particular, having 
volumetric models of the airway stenosis would allow for better intervention planning and 
documentation of the airway status before or after an intervention [31] [32] [43].  
The combination of airway measurements with pressure can enable better assessment of 
dynamic airway narrowing, airway collapse and the alteration of mechanical properties of the 
airways in obstructive lung diseases such as asthma and chronic obstructive pulmonary disease 
(COPD) [45] [41]. Using simultaneous invasive pressure recordings at the site of the OCT imaging, 
it is also feasible to perform elastography of the airway tissue by analyzing the tissue displacement 
during the natural respiratory cycle [46]. 
1.5 Outline of the thesis 
While previous studies have established the utility of endoscopic OCT imaging for airway 
imaging, there are several aspects that merit further examination. Specifically, although several 
studies have been performed in vivo in human airways, the measurements made by OCT have not 
always been carefully validated against measurements made by another established modality like 
CT. Additionally, most studies have only compared OCT measurements against static CT scans 
and volumetric reconstructions from OCT imaging have never been comprehensively verified 
against CT reconstructions. In studies of the dynamic airway that have recorded pressures along 
with OCT, the pressure measurements were never synchronous or recorded in the airway close to 
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the site of the OCT imaging. Endoscopic OCT imaging of the nasal airways has been largely 
qualitative, with measurements made only of INV angle in a single plane without validation. 
Finally, all endoscopic OCT probes for large airway imaging have thus far been built using bulk 
glass rods and GRIN lenses to achieve long working distances and small spot sizes. This design 
results in lower sensitivity due to the losses at the interfaces between the bulk optic components 
and produces a sensitivity curve with a sharp peak at the focal plane, resulting in sub-optimal OCT 
images of the airways.  The goal of this thesis is to attempt to address some of these limitations 
with the existing state-of-art in endoscopic OCT imaging of the airways. 
One of the goals of this research is to validate OCT measurements of the dynamic airway 
against CT scans obtained under similar conditions. Towards this end, experiments involving both 
OCT and CT imaging were performed in excised pig trachea and in mechanically ventilated pigs 
on the bed of a CT system. The experimental procedures, ventilation protocols used and the 
methods used to perform dynamic CT imaging are described in CHAPTER 2. The protocol for 
introducing and positioning the OCT and pressure catheters in the porcine airway is discussed next. 
The results obtained from respiratory gated CT scans are compared with those obtained using cine 
CT scans and the relative merits of each approach are discussed. Several important results on 
tracheal deformation derived from CT scans of the porcine airway are included. The interface 
between the ventilator and the pressure catheter with the OCT system is also described. The nature 
of the pressure signal obtained from the ventilator under different ventilation protocols is compared 
against the intraluminal airway pressure measured using the pressure catheter. The impact of using 
a flexible bronchoscope on airway pressures and CT acquisitions is discussed. Additionally, 
benchtop pressure measurements made using the pressure catheter in stenosis phantoms under 
different ventilation settings are also presented.   
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 A system for measurement of intraluminal airway pressures synchronously with OCT is 
presented in CHAPTER 3. Details of the OCT systems used for the combined OCT and CT 
experiments introduced in CHAPTER 2, are described here. Two different OCT systems were 
used in these experiments- called either Santec or Thorlabs OCT system based on the manufacturer 
of the laser source. The OCT imaging protocols and data processing steps are also described in 
detail. The results obtained from OCT in ex vivo and in vivo pig trachea are compared against CT 
results obtained during the same exam. Results obtained under dynamic respiratory conditions are 
presented and hysteresis curves depicting the viscoelastic nature of the airways are shown. 
Volumetric reconstructions, derived from pullback OCT scans, over several airway generations 
are presented and compared with CT-derived volumes of the same region of the airway. The impact 
of introducing the OCT catheter through the working channel of a flexible bronchoscope is also 
examined. Commonly observed artifacts in OCT imaging of the airways are discussed and several 
practical observations on the experimental protocol are presented. 
Technical aspects of using wavelength swept laser sources and the rotational performance 
of the catheter drive-shaft are discussed in CHAPTER 4. The data acquisition and digitization 
scheme for an extended cavity swept source laser is contrasted with that for a Micro-
electromechanical Vertical Cavity Surface Emitting Laser (MEMS-VCSEL). Considerations for 
interferometer design and matching signal delays to ensure correct clock synchronization for the 
VCSEL-based system are presented. The improvements in system sensitivity and final image 
quality for the VCSEL system are characterized. The VCSEL-based OCT system supports a 12 
mm imaging range, which is inadequate for adult large airway imaging. A computational scheme 
for extending the imaging rage to 24 mm is proposed and results are presented. In proximally 
actuated OCT probes, the rotary torque is transmitted to the tip using a drive-shaft. Owing to the 
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variable friction between the drive-shaft and the sheath, the tip of the OCT probe does not rotate 
uniformly. This phenomenon causes non-uniform rotational distortion (NURD) in the acquired 
images. Additionally, any motion of the probe tip or the sample being imaged can also introduce 
artifacts in the OCT images. Numerical simulations for artifacts caused by NURD and probe tip 
motion are presented. Experimental results comparing the NURD performance of a Nitinol tube-
based catheter to a torque-coil based OCT catheter are also included. 
During the characterization of the Thorlabs OCT system, it was determined that one of the 
primary causes of the observed reduction in sensitivity with distance was the diverging beam 
produced by the ball lens at the tip of the OCT probe. This reduction in sensitivity can be mitigated 
by using a fiber lens that produces a low numerical aperture (NA) beam.  CHAPTER 5 presents 
methods for the design, fabrication and characterization of all-fiber probes that produce low NA 
beams with roughly uniform beam widths across the imaging range. The properties of lens designs 
based on ball-tipped SMF, coreless fiber (CF) ball lens and graded index fiber (GIF) are examined 
and contrasted against the performance of a novel, hybrid, lens design. This hybrid design allows 
for the generation of nearly collimated Gaussian beams with working distances exceeding 14 mm. 
Such probes are expected to yield roughly uniform sensitivity and transverse resolution over the 
entire imaging range, making them particularly suitable for large airway imaging. Since all-fiber 
probes are built with fusion spliced, fiber optic sections, they are easier to fabricate and have lower 
losses than OCT probe designs based on bulk optic components- such as GRIN lenses and glass 
spacers. The fabrication and testing procedures for the four different types of all-fiber OCT probes 
are described in detail and the use of these probes enclosed in a sheath is also investigated. 
CHAPTER 6 presents the results of a study exploring the use of endoscopic OCT in the 
evaluation of the INV region. The nasal airway is a complex structure and volumetric assessment 
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of the nasal passages could potentially improve clinical decision-making. OCT imaging was 
performed in the nasal cavities of four cadaver heads before and after functional rhinoplasty 
procedures. The OCT images were compared against nasal endoscopy frames and the volumetric, 
OCT-derived, 3D reconstructions of the nasal valve region were compared against volumes 
derived from CT scans. It was found that OCT is a promising modality for the examination of the 
nasal airway. 
Finally, CHAPTER 7 summarizes the contributions of this dissertation and presents some 
perspectives for future research and inquiry.
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CHAPTER 2: AIRWAY IMAGING WITH CT COMBINED WITH PRESSURE 
MEASUREMENTS 
The use of OCT for imaging the airways has been explored by several previous studies, 
both in humans [47] [48] [37] and in animal models [49] [50] [51]. Validation of OCT-derived 
measurements of the airways in these studies was mostly performed against CT scans under static 
conditions, for instance at the end of expiration or with a breath-hold [38] [40] [52]. Additionally, 
in such studies, OCT and CT were never performed as a part of the same exam and thus images 
acquired for validation were not always under similar or identical conditions [53] [40] [32] [41].  
An experimental protocol for airway imaging, where both CT and OCT scans of the airway 
are performed sequentially during a single exam, was developed to overcome these limitations 
[54]. The setup allows imaging to be performed either in ex vivo tracheas or in vivo animal airways 
under controlled ventilation settings. Dynamic airway imaging may be performed under identical 
conditions with both CT and OCT to allow OCT measurements to be validated against CT over 
the entire respiratory cycle. Additionally, pullback OCT scans acquired to assess the airway 
morphology can also be validated against CT acquisitions, by performing such scans with the 
airway kept stationary using a constant positive airway pressure.  
This chapter describes the CT protocols, the ventilation methods, the pressure acquisition 
interfaces and the use of a pressure catheter to measure pressure within the airway. The 
characteristics of the pressures measured within the airway are discussed and compared against 
the applied pressures under different conditions. CT results obtained from the dynamic and static 
scans are also discussed. Experimental results illustrating the nature of the airway deformation in 
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the ventilated animal are shown. The specifics of the OCT imaging protocol as well as the 
comparison of results obtained by OCT against CT measurements are presented in the next chapter.  
2.1 Methods 
Experiments with CT and OCT were performed in order to determine the experimental 
protocol necessary to validate OCT imaging of the airway against CT images. Experiments were 
performed in 3 excised pig tracheas and in 8 live pigs under mechanical ventilation Nine of these 
experiments were performed using an OCT system comprised of a Santec swept laser source [55] 
and final two in vivo exams were performed with an upgraded OCT system with a Thorlabs swept 
laser source [30].  
 
Figure 2-1: Setup for sequential OCT and CT imaging of the dynamic airway during the same exam. (a) Image of 
the exam room showing the animal on the CT table and other devices. (b) CT volume rendering depicting the OCT 
catheter positioned in the airway through the working channel of a flexible bronchoscope, the load cell used for 
respiratory gating is also seen. (c) CT volume showing a similar scheme as in (b), but including a pressure catheter. 
(d) setup with only the OCT and pressure catheters placed in the airway. (e) Block diagram of the entire setup 
showing the various sub-systems involved and the signal interconnections. 
A picture of the exam setup in Figure 2-1(a) shows an intubated pig positioned on the bed 
of a CT system with a ventilator, bronchoscope, vitals monitor and OCT system by the bedside. 
Figure 2-1(e) shows a simplified block diagram of the setup, including the signal paths and the 
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various sub-systems involved in the process. Each of these elements is described in greater detail 
in the following sections. 
2.1.1 Sample preparation 
In the case of ex vivo trachea imaging, the frozen airways excised from pigs were first 
thawed to room temperature and then suctioned to remove any secretions. A cuffed endotracheal 
tube (ETT) was placed in the upper airway and the cuff was inflated. The size of the ETT was 
chosen based on the size of the airway and varied from 4 to 6 mm. The mainstem bronchi and the 
tracheal bronchus were sutured or sealed off with zip-ties to isolate the trachea and to prevent any 
air from leaking out from portions of the airway. The airway was then placed on the CT bed and 
the ventilator was connected to the ETT using a dual swivel adapter. The use of the dual swivel 
adapter allowed the bronchoscope or the catheters to be introduced into the trachea without 
disturbing the ventilation circuit. 
For in vivo imaging, the live animals were first anesthetized with Propofol and/or 
Isoflurane and intubated with a cuffed ETT. The typical inner diameter of the ETT was ~5.5 mm 
for in vivo experiments.  The intubated animal was placed on the CT bed and the sensors for vitals 
monitoring were attached. The ventilator was again connected to the ETT using a dual swivel 
adapter. An intravenous administration of propofol was used during the experiment to maintain an 
appropriate level of anesthesia for mechanical ventilation. The depth of anesthesia was less in 
cases where the scans were performed under spontaneous respiration. Scans with spontaneous 
respiration were typically performed first at a lower depth of anesthesia. This was followed by an 
administration of the anesthetic to increase the depth of anesthesia for subsequent image 
acquisitions under mechanical ventilation. In four of the in vivo experiments, vecuronium was also 
administered at a later stage to acquire a series of scans under paralysis with mechanical ventilation.  
19 
In all cases, the specified ventilation settings were only used for the duration of the OCT 
and CT scans. The animal was ventilated with weight-appropriate settings prior to and between 
each acquisition. The animal’s vital signs were monitored throughout the experiment by 
veterinarians and veterinary technicians. The experimental methods used were approved by the 
Institutional Animal Care and Use Committee at the University of North Carolina, Chapel Hill.  
2.1.2 Overview of experiments 
Table 2-1 summarizes the experimental conditions and the type of samples used for the 
experiments. The details of the types of CT acquisitions and the OCT system used are also 
specified. 
Table 2-1: Summary of experiments 














ex vivo Santec No Yes No N/A No Yes 
ex vivo Santec No Yes No N/A No Yes 
ex vivo Santec Yes Yes No N/A No Yes 
Live Pig Santec Yes Yes Yes anesthesia No Yes 
Live Pig Santec Yes No Yes anesthesia No Yes 
Live Pig Santec Yes No Yes anesthesia Yes Yes 
Live Pig Santec Yes No Yes  anesthesia Yes Yes 
Live Pig Santec Yes No Yes anesthesia 
paralysis 
Yes Yes, No 
Live Pig Santec Yes Yes Yes anesthesia 
paralysis 
Yes No 
Live Pig Thorlabs No Yes Yes paralysis Yes No 
Live Pig Thorlabs No Yes Yes anesthesia 
paralysis 
Yes No 
2.1.3 Ventilation protocols 
A SERVO 900C ventilator (Siemens-Elema AB) was used to provide either static 
continuous positive airway pressures (CPAP) or dynamic ventilation. The CPAP value was set to 
be close to 0 cm H2O when acquisitions with spontaneous respiration were attempted. In order to 
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assess the overall airway shape, volumetric scans were performed. For such scans, the airway was 
kept stationary by using an appropriate level of anesthesia or paralysis and inflating the airway to 
different degrees by applying a CPAP with 10, 20 or 30 cm H2O during these scans. While 
assessing dynamic airway deformation at a fixed location in the airway, dynamic pressure 
controlled ventilation (PCV) mode was used, with 20 or 30 breaths per minute (bpm) and an 
Inspiratory time to Expiratory time ratio (I:E) of 1:2 or 1:1. The Maximum Inspiratory Pressure 
(MIP) for PCV was set to be between 10 and 40 cm H2O.   
2.1.4 Introduction and placement of catheters within the airway 
Various approaches were considered for introducing and positioning the OCT and pressure 
catheters within the airway. Figure 2-1(b)-(d) depict the possibilities that were explored during the 
experiments. These devices were introduced into the airway through the second port of the dual 
swivel adapter attached to the ETT. A flexible Karl Storz 11003BC 2.5 mm pediatric bronchoscope 
(Karl Storz GmbH & Co.) with a 1.2 mm working channel was used for all experiments. The 
endoscopic videos were optionally displayed on a tele pack X LED system (Karl Storz GmbH & 
Co.) to monitor the airway and the catheters during the experiments. All of the ex vivo experiments 
and two of the initial in vivo experiments were performed without the use of a pressure catheter. 
In these experiments, the OCT catheter was introduced through the working channel of 
bronchoscope and was positioned just past the bronchoscope tip (Figure 2-1(b)). The bronchoscope 
was moved under video guidance to reposition the OCT probe within the airway. The subsequent 
six in vivo experiments made use of the pressure catheter. In these cases, the initial approach was 
to attach the pressure catheter to the bronchoscope shaft using heat shrink tubing and to introduce 
the OCT catheter through the working channel (Figure 2-1(c)). This approach was subsequently 
refined to omit the heat shrink tubing in order to reduce the overall diameter of the assembly; in 
this case, the pressure catheter was introduced along with the bronchoscope without any 
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connection in between. The final approach, shown in Figure 2-1(d), was to introduce the OCT and 
pressure catheters on their own or through two connected sheaths under video endoscopic guidance 
and then to withdraw the bronchoscope before performing any scans.  In all cases, the pressure 
catheter tip was kept above the OCT catheter tip to avoid blocking the OCT field of view. The 
pressure catheter was also sometimes introduced into the airway by means of a stiff, unsealed 
sheath.  
2.1.5 Pressure and flow signal interfaces 
The ventilator has pressure and flow sensors on both the inspiratory and expiratory 
channels, the signals from these sensors are used to control the various operations of the device. 
The measurements from these sensors, as well as several other signals are also made available for 
external equipment using two connectors on the back panel of the ventilator, as shown in Figure 
2-2(a). Specific outputs from these connectors were collected together on a 15-pin connector and 
this connection formed the interface between the ventilator and the rest of the experimental setup. 
The specific signals in this interface, as well as the signal voltage conversions are shown in Figure 
2-2(a). The inspiratory and expiratory time signals (pins 5 and 12) are high (5 V) during the 
respective periods of the respiratory cycle. 
There were two generations of the pressure/ flow data acquisition interface that recorded 
different signals and used different USB digitizers. In five of experiments (three ex vivo, two in 
vivo, all performed with the Santec OCT system), the first generation of the pressure acquisition 
interface was used. This consisted of a USB-205 (Measurement Computing Inc.)  12-bit digitizer 
with ± 10 V analog input range. The 5kHz Santec laser trigger was used as the external clock to 
the digitizer and three pressure signals from the ventilator were recorded: inspiratory pressure, 
expiratory pressure, and mean pressure. Since this digitizer used a sequential scanning topology, 
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the acquisition bandwidth was split amongst the three channels, resulting in a 1.67 kHz sampling 
rate for each channel.  
The second generation pressure acquisition system used a synchronous sampling USB-
1608FS-Plus (Measurement Computing Inc.) digitizer that sampled all channels at the clock rate.  
This 16 bit digitizer had a selectable analog input range, which was chosen to be 0 to 5 V. 
Inspiratory pressure, expiratory pressure, inspiratory flow, and expiratory flow signals from the 
ventilator were synchronously recorded at 5 kHz along with the OCT signal using the laser trigger 
as the sampling clock. While the pressure signals were directly connected the USB digitizer as 
before, the flow signals output by the ventilator had an incompatible voltage range. Therefore, the 
flow signals were first conditioned using an inverting amplifier circuit shown in Figure 2-2(c); this 
block is shown as the flow processing circuit in Figure 2-1(e). 
The invasive pressure measurement system made use of a Millar Mikro-Tip catheter and a 
Millar PCU-2000 control unit (Figure 2-2(b)). The pressure catheter was 3F in diameter and 130 
cm long with a flexible Nylon shaft. The catheter has a pressure sensor mounted at its tip that 
measures the relative pressure at the tip referenced to the ambient pressure at the proximal end of 
the catheter. Therefore, the tip must be in direct contact with the environment in which the pressure 
is to be measured. The catheter was connected to the PCU-2000 pressure control unit (PCU) by 
means of a 300 cm interface cable (Figure 2-2(b)). The sensitivity of the pressure transducer at the 
catheter tip is 5 µV/V/mmHg and the measurement range is -50 to 300 mmHg. The PCU provides 
a 5V excitation voltage, reads the output of the transducer and amplifies it to generate the final 
signal that is 1 V/ 100 mmHg or ~7 mV/cm H2O. The measurement error for the final output signal 
is less than ± 1 mmHg or 1% of the measurement, whichever is greater. For measurement of airway 
pressures, the error can be assumed to be ±1 mmHg or ± 1.4 cm H2O. In six of the experiments, 
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the output of the pressure control unit was also connected to the USB digitizer in the second 
generation pressure interface (denoted by “Pressure catheter system” in Figure 2-1(e)).  
 
Figure 2-2: Pressure interfaces. (a) Signals from the ventilator collected on a 15-pin DSUB connector. (b) Millar 
pressure catheter and pressure control unit; the inset shows an enlarged picture of the catheter tip with the silicone 
pressure sensing diaphragm. (c) Inverting amplifier used to adapt the voltage range of the flow signals from the 
ventilator. (d) Divide-by-20 circuit used to convert the 100 kHz Thorlabs laser trigger signal into a 5 kHz signal to 
be used as an external clock for the USB digitizer. 
Four of the in vivo experiments used the Santec OCT system, the pressure catheter and the 
second generation pressure acquisition interface. In these cases, the 5 kHz laser trigger was directly 
used as the external clock to the USB digitizer (see Figure 2-1(e), the “Trigger processor” is a 
pass-through in this case). The final two in vivo experiments were performed with the Thorlabs 
OCT system, using the second generation pressure acquisition interface and the pressure catheter. 
The Thorlabs laser has a much faster sweep rate of 100 kHz as compared to the Santec laser. 
Therefore, a trigger processing circuit shown in Figure 2-2(d) was used to divide the laser trigger 
signal by 20 to produce a 5 kHz signal that was used as the external clock for the USB digitizer 
(Figure 2-1(e), “Trigger processor” uses the circuit shown in Figure 2-2(d)). 
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Figure 2-3 shows the modifications to the OCT Labview program that were made to 
incorporate the display of the flow and pressure signals. The changes to the user interface (blue 
outline) for the Santec system are shown in Figure 2-3(a) and Figure 2-3(b) shows the addition of 
a panel to the right to incorporate the additional displays for the Thorlabs system. In the case of 
the Thorlabs system, an additional option to enable or disable the pressure acquisition subsystem 
is also provided. This enables faster Labview initialization and start up; it is also helpful to disable 
the pressure acquisition when the system CPU utilization is very high. The implementation of the 
USB digitizer data acquisition is shown in Figure 2-3(c). This portion is similar for both the Santec 
and Thorlabs systems. The Thorlabs Labview handling of the pressure file writing is slightly 
different due to the real-time display, which requires a large percentage of the available system 
resources and necessitates all other processes to be done in parallel at a lower priority.  The 
measurements are written as double values to a binary file in the IEEE big endian format. 
2.1.6 CT acquisition settings and data processing 
CT imaging was performed with a Siemens Biograph 64 slice CT system (Siemens Medical 
Solutions USA Inc.). Dynamic airway imaging was performed using both respiratory gated CT 
and cine CT to obtain 3D volumes of the airway as a function of time. Regular CT acquisitions of 
the airway under static conditions were made using the standard protocol.  
Cine CT scans were performed over 32 slices with a temporal resolution of 100 ms, pixel 
spacing of ~ 0.3 to 0.5 mm and 0.6 mm pitch. Regular CT scans of the static airway were performed 
under CPAP with a pixel spacing of ~0.4 mm and a 0.6 mm slice thickness. 
An Anzai AZ-733V respiratory gating system (Figure 2-4(a)) was used to perform 
respiratory gated acquisitions. This system uses a load cell placed on the abdomen (Figure 2-1(b)) 
to estimate the respiratory phase. The mean signal level from the load cell over the respiratory 
cycle is computed and the time period with signal values higher than the mean is considered to be 
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the inspiratory segment, the remaining respiratory period is considered to be the expiratory 
segment. Each segment is further divided into multiple equal phases.  Each respiratory phase is 
named as % of the respective segment (see Figure 2-4(b)). From Figure 2-4(b), it can be noted that 
the phase spacing is not the same for the inspiratory and expiratory segments when the I:E ratio is 
not 1:1. The number of phases for which volumes are acquired determines the time spacing 
between the volumes. The maximum number of respiratory phases is 21 if a 10% increment is 
used and 11 if the increment is chosen to be 20%. The number of possible phases depends on the 
respiratory rate and the field of view scanned, with 21 being the maximum. 
The Anzai system also has the option to utilize an ECG for gating (Figure 2-4(a)) but this 
option was not used as only respiratory gating was desired. The respiratory gated scans could 
acquire volumes of the entire pig airway, including the lungs, with a pixel spacing of ~ 0.3 to 0.5 
mm and a pitch of 0.6 mm. In the case of ex vivo trachea scans, an airbag was attached to the 
ventilation circuit using a T-connector and the load cell was taped to the surface of the bag. The 
inflation and deflation of the bag during ventilation served as a surrogate for abdominal motion 
sensed by the respiratory gating system. 
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Figure 2-3: Labview interface for pressure and flow signals. (a) Front panel for the Santec OCT system, the blue 
outline indicates the portions added for the pressure, flow interface. (c) Front panel for the Thorlabs system, the blue 
outline indicates the portions added for the pressure, flow interface. (d) Labview implementation of the data 
acquisition from the USB digitizer.  
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The acquired CT datasets were processed and analyzed using Mimics Research 18.0 
(Materialise NV, Belgium). A fixed threshold was used to manually segment the airway or other 
features in the CT slices. All reported cross sectional area (CSA) measurements were also made 
with Mimics. The airway volumes in the results section were reconstructed from the segmentation 
masks without additional smoothing. In cases where multiple volumes are shown overlaid, these 
volumes were registered automatically using landmarks in the volumes, such as the tip of the ETT 
or the carina.  
 
Figure 2-4: Respiratory gating system. (a) Block diagram of the Anzai AZ-733V Respiratory 
Gating Setup. (b) Pressure signal acquired during one respiratory cycle and respiratory phase 
detected by the gating system. 
Matlab scripts were used to organize CT slices for respiratory gated and cine scans before 
analysis. In the case of respiratory gated scans, the respiratory phase written as part of the 
(0020,4000) ImageComments DICOM tag was used to organize slices by respiratory phase. If the 
respiratory gating system detected a change in the respiratory rate, then the images were stored 
under a new folder. In cases where the detected change was 1 or 2 bpm, the slices acquired at 
differing respiratory rates were merged before analysis. The (0020,1041) SliceLocation DICOM 
tag was used to organize images at one position. Additionally, the (0008,0032) AcquisitonTime 
DICOM tag was used to organize cine volumes by time. When processing DICOM images with 
Matlab it is also important to rescale the contrast values before display by using the values stored 
in the WindowWidth, WindowCenter, RescaleSlope and RescaleIntercept DICOM tags. 
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2.2 Results and discussion 
As the experimental protocol was being refined over these experiments, the results obtained 
from all of the scans or from all the experiments were not optimal. This section presents 
representative CT results obtained and some salient observations on the experimental protocol. 
The pressure curves presented with CT measurements were in fact not acquired during the CT 
scans as there was no synchronization between the CT and pressure acquisitions (Figure 2-1(e)). 
Instead, the pressures acquired during the OCT scans are shown. The pressures during the OCT 
and CT scans are assumed to be the same as the both the scans were performed sequentially within 
a short period of time without altering any ventilation settings.  
2.2.1 ex vivo trachea results 
In ex vivo tracheas, the deformation of the trachea followed the applied pressures closely. 
Figure 2-5 presents some results from an ex vivo experiment. Figure 2-5(a) and (b) shows results 
from multiple regular CT scans performed at 0, 10, 20 and 30 cm H2O CPAP. Figure 2-5(a) shows 
aligned volumes overlaid to visualize the change in CSA and length of the sealed trachea. Figure 
2-5(b) shows the variation in CSA along the length of the trachea for the same scans. The increase 
in CSA seen when the pressure is changed from 10 to 20 cm H2O is much greater than the change 
in CSA from 20 to 30 cm H2O. This is an effect that was also observed in in vivo experiments. 
Figure 2-5(c) shows a representative CT slice depicting the excised trachea, with the OCT 
catheter in it, placed on the CT table. Figure 2-5(d) plots the variation in the trachea CSA at a fixed 
position acquired using a respiratory gated CT scan with 30 bpm and I:E ratio of 1:1. Shown 
overlaid is also the pressure measured at the inspiratory port of the ventilator. From the eleven 
measurements made over the respiratory cycle, it can be seen that the deformation of the trachea 
follows the change in applied pressure.  
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Figure 2-5: ex vivo CT results. (a) Volumes of the trachea acquired at CPAP of 0, 10, 20, 30 cm H2O overlaid. (b) 
Variation in tracheal CSA over its length acquired at CPAP of 0, 10, 20 and 30 cm H2O (c) Representative CT slice 
of an ex vivo trachea. (d) Variation in tracheal CSA acquired using respiratory gated CT overlaid with inspiratory 
pressure acquired from the ventilator under PCV with MIP of 40 cm H2O. 
The pressures within an excised, intubated, and sealed trachea were measured using the 
pressure catheter as a part of a different experiment. The pressure measured within the trachea by 
the catheter was found to be nearly identical to that measured at the ventilator for both the PCV 
and CPAP modes (results not shown). In the case of PCV, it was found to be important to allow 
for a sufficient expiratory period to allow the trachea to depressurize and to not use MIP exceeding 
40 cm H2O. The pressures measured within the trachea could be offset as compared to the applied 
pressures measured at the ventilator if higher pressures are applied or if insufficient time is given 
for the air to passively return back to the expiratory port of the ventilator. 
2.2.2 in vivo respiratory gated scans 
For in vivo experiments, respiratory gated scans allowed the whole tracheal airway to be 
imaged at specific phases of the respiratory cycle. Figure 2-6 shows results from a representative 
scan obtained in an anesthetized pig, without the bronchoscope in the airway, under PCV with a 
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MIP of 20 cm H2O, 20 bpm and I:E ratio of 1:2. Figure 2-6(a) shows an acquired CT slice with 
the pig on the CT table. Figure 2-6(b) shows reconstructed volumes of the respiratory tree at peak 
inspiration (In100%) and at peak expiration (Ex0%). Three different views of the tracheal volumes, 
clipped at the carina and aligned by the tip of the ETT are shown on the right. By comparing the 
carina and the tracheal bronchus on the different volumes, it can be noted that the trachea 
undergoes a change in both its cross-sectional shape as well as its length over a respiratory cycle.  
Additionally, the displacement of the trachea might not be strictly in the cranio-caudal 
direction, which likely depends on the animal and the positioning during the scans. Figure 2-6(c) 
depicts the change in the length of the trachea (orange curve) between the tracheal bronchus and 
the carina over one respiratory cycle. The change in tracheal CSA at one position in the same 
region, over the respiratory cycle is shown by the blue curve. The tracheal bronchus present in the 
pig airway made it a convenient anatomical landmark to align volumes for comparison. 
 
Figure 2-6: Respiratory Gated CT. (a) Representative CT slice. (b) Full airway and the trachea shown at peak 
expiration (Ex0%) and peak inspiration (In100%). (c) CSA at one slice location in the trachea and the length of the 
trachea between the tracheal bronchus and the carina as a function of the respiratory phase 
While respiratory gated scans were convenient for quantifying changes in the airway over 
one respiratory cycle, these scans yielded only 11 or 21 volumes over a 2 or 3s period. As the 
respiratory gating system depends on the abdominal motion to detect the phases of the respiratory 
cycle, it was quite sensitive to any changes in the breathing pattern. Typically, these gated scans 
required 8 to 10 respiratory cycles with roughly the same respiratory parameters. Any changes in 
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the respiratory pattern during the scan would result in a change in the detected respiratory rate and 
lead to image artifacts. The results from a failed respiratory gated scan are shown in Figure 2-10(c). 
2.2.3 in vivo cine scans 
Figure 2-7 shows a cine CT acquisition performed in a paralyzed pig under PCV with a 
MIP of 10 cm H2O, 30 bpm and I:E ratio of 1:1. Cine scans were performed in the region of the 
trachea with the OCT catheter tip. Figure 2-7(a) shows a representative CT slice and the OCT 
catheter can be seen in the trachea. By restricting the field of view (FOV), the cine scans could be 
performed over a ~19 mm section of the trachea with 100 ms temporal resolution, 0.23 mm pixel 
spacing and 0.6 mm pitch. Figure 2-7(b) shows the reconstructed trachea volume and the OCT 
catheter tip at one instant in the respiratory cycle. Figure 2-7(c) shows the variation in tracheal 
CSA, averaged across all slices in the volume, as a function of time. The measured changes in 
tracheal CSA matched well with the measured intraluminal pressures (result shown in next 
chapter). The variation of the airway CSAs and pressures when subject to different MIP under 
PCV are shown in the next chapter. 
 
Figure 2-7: cine CT scan of the pig airway. (a) Representative CT slice showing the OCT catheter within the 
trachea. (b) Reconstructed volume (blue) with the OCT catheter (yellow) at one timepoint. (c) CSA of the trachea as 
a function of time, CSA averaged across the 32 slices acquired in the scan.  
Thus, cine CT allowed for the acquisition of multiple respiratory cycles at a resolution of 
10 Hz with an in-plane resolution comparable to respiratory-gated CT scans. 
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2.2.4 in vivo static airway scans 
Another approach used to image the overall airway shape was to suppress airway motion 
briefly by applying CPAP and acquiring a regular CT scan (same as the procedure used to obtain 
the ex vivo results shown in Figure 2-5(a), (b)). This approach allowed the investigation of the 
overall shape and size of the airway at different constant airway pressures.  
Figure 2-8 depicts several important results obtained from such scans. Figure 2-8(a) 
compares tracheal volumes acquired under different CPAP settings. The insets show two enlarged 
views of the region around the carina. In order to produce these volumes, the airway was 
segmented with the tracheal bronchus omitted and aligned by the tip of the ETT. It can be noted 
that the trachea undergoes a change in both its caliber as well as its length. This phenomenon is 
consistent with the behavior shown in Figure 2-6(b), which compared the tracheal shape across 
one respiratory cycle.  
Figure 2-8(d) depicts the tracheal CSA as a function of the distance from the ETT tip under 
different CPAP settings. It can be noted that different regions of the trachea distend to varying 
degrees when subject to different pressures. Additionally, the change in CSA is more prominent 
at lower pressures and seems to saturate with higher airway pressures. This phenomenon is also 
depicted by Figure 2-8(b), which shows the CSA of the trachea, averaged over 30 mm, as a 
function of intraluminal pressure. A similar effect can be seen with the length of the trachea 
(defined as the length from the tip of the ETT to the carina) in Figure 2-8(c). The length increases 
with increasing pressures initially, with the rate of change diminishing with pressures over 20 cm 
H2O. The pressures measured within the airway with the pressure catheter are shown in Figure 




Figure 2-8: Static CT scans with CPAP. (a) Reconstructed tracheal volumes at different levels of CPAP aligned at 
the ETT tip. (b) Change in the tracheal CSA (averaged over 30 mm in a region above the tracheal bronchus) as a 
function of airway pressure. (c) Change in the length of the trachea, from the tip of the ETT to the carina, shown as a 
function of airway pressure. (d) Change in CSA over the length of the trachea at different levels of CPAP. (e) 
Airway pressures measured using the pressure catheter at the different ventilation settings used for the scans.  
2.2.5 Effect of anesthesia or paralysis on the airway 
The impact of anesthesia or paralysis on the porcine airway was also investigated and the 
results are shown in Figure 2-9. Respiratory gated scans, under PCV with MIP of 20 cm H2O, were 
used to examine the trachea under paralysis and anesthesia. Figure 2-9(a) depicts the entire airway 
and lungs at peak expiration (Ex0%) under anesthesia and paralysis. It can be noted that the 
respiratory tree is largely similar under both these conditions. Figure 2-9(b) shows only the trachea 
at peak expiration (Ex0%) and at peak inspiration (In100%). Zoomed portions of the CT slices at 
the level of the bronchus are also shown for peak expiration. The overall shape and size of the 
trachea is largely similar under anesthesia and paralysis, and only a small region of the trachea 
(indicated by the orange arrow in Figure 2-9(a) and (b)) near the tracheal bronchus was found to 
have collapsed under paralysis. Since the region around the tracheal bronchus was typically 
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avoided when making OCT scans, it was found that rest of the trachea would deform in a similar 
manner for OCT scans under either anesthesia or paralysis.  
 
Figure 2-9: Comparison of paralysis and anesthesia on the airway shape and deformation. (a) Entire respiratory tree 
at peak expiration. (b) Trachea at peak expiration (Ex0%) and peak inspiration (In100%), along with cropped CT 
slices depicting the collapse of the trachea near the tracheal bronchus under paralysis (orange arrow). (c) Pressures 
measured in the trachea with the pressure catheter and CSA variation at one position in the trachea determined from 
cine CT scans; both pressure and CSA measured with the bronchoscope in the airway. 
In general, the pressure curves and the CSA trends were similar under different PCV 
settings under anesthesia or paralysis. Representative pressure and CSA values, obtained with PCV 
at MIP of 20 cm H2O, are shown in Figure 2-9(c). The pressures shown are the catheter pressures 
measured in the trachea and the CSA values were obtained from cine CT scans. These 
measurements were also made with the bronchoscope in the airway. Both the pressure and CSA 
variation during the respiratory cycle have roughly the same shape indicating that either anesthesia 
or paralysis could be used to study tracheal dynamics under PCV. However, it was also found that 
the deformation of the trachea depended on the level of the anesthesia.  Therefore, measurements 
made under paralysis were preferred to avoid any variability owing to the level of anesthesia and 
the final four in vivo experiments performed measurements of the airway under paralysis. 
2.2.6 Impact of using a bronchoscope 
In in vivo experiments, it was found that the quality of results obtained during the 
experiments almost entirely depended on whether or not the bronchoscope was used during 
imaging. While both the OCT catheter and the pressure catheter obstruct the ETT lumen and 
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increase the resistance to the airflow (see Figure 2-11(c)), the 2.5 mm bronchoscope greatly 
worsens this situation. The increased resistance due to the obstruction caused by the bronchoscope 
distorts the airway pressures. This phenomenon is illustrated in Figure 2-10(a), which shows 
pressure catheter measurements in the trachea at different PCV settings.  In the measurement 
without the bronchoscope (Figure 2-10(a), left), the intraluminal pressures have a well-defined 
form with the peak to peak amplitude of the curves corresponding to the MIP settings of 10 and 
30 cm H2O. In the case of measurements made with the bronchoscope (Figure 2-10(a), right), the 
pressures within the airway are distorted and only have a regular period corresponding to the 
applied respiratory rate at the higher MIP of 30 cm H2O. Additionally, even in the case where the 
airway pressures are periodic, the peak to peak amplitude of these curves is reduced. The peak to 
peak amplitude of the 30 cm H2O cure on the right is ~15 cm H2O, while the same measurement 
for the plot on the left is ~30 cm H2O. This distortion of the airway pressures due to the 
bronchoscope also translates into smaller changes in the trachea CSA and inconsistent 
measurements across scans (results not shown).  
The presence of the bronchoscope also resulted in metal artifacts in the CT images, as 
shown in Figure 2-10(b). The left panel depicts a CT slice showing prominent metal artifacts 
(orange arrow), the right panel shows the reconstructed volume from this scan.  Such artifacts 
made airway segmentation challenging, resulting in potentially inaccurate CSA measurements. 
The introduction of the bronchoscope into the airway also caused erratic respiratory rhythm and 
unexpected abdominal motion, leading to failed respiratory gated scans when such scans were 
performed with the bronchoscope in the airway. Figure 2-10(c) shows results from a respiratory 
gated scan that failed due to erratic respiration caused by the use of the bronchoscope. The left 
panel in Figure 2-10(c) shows a CT slice depicting ghost outlines of the airway (blue arrow), the 
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artifacts also appear to show a duplicate catheter (orange arrow) within the airway. Such failed 
gated scans resulted in a distorted reconstructed volume, which is shown on the right panel of 
Figure 2-10(c). The bronchoscope also introduced NURD artifacts in the OCT images, when the 
OCT catheter was introduced into the airway through the working channel. This phenomenon is 
discussed in detail in the next chapter.   
 
Figure 2-10: Impact of using a bronchoscope during imaging. (a) Pressures measured in the airway without (left) 
and with (right) a bronchoscope under PCV with MIP of 10 and 30 cm H2O. (b) Metal artifacts caused by the 
bronchoscope (orange arrow). (c) Failed respiratory gated scan due to erratic respiratory rhythm caused by the 
bronchoscope obstructing the air passage through the ETT (orange arrow: duplicate OCT catheter, blue arrow: lung 
outline blurred). 
2.2.7 Additional pressure catheter measurements 
This section presents measurements obtained with only the pressure catheter in the 
ventilated pig airway. Results obtained from bench-top experiments in stenosis phantoms, where 
pressure drop across a stenosis was investigated using the pressure catheter, are also presented. 
2.2.7.1 Pressures in the trachea during mechanical ventilation 
Pressure measurements were made at 8 equally spaced positions within the main stem 
bronchus and trachea of a paralyzed pig under PCV with MIP of 12 cm H2O with only the pressure 
catheter in the airway. The locations, marked T1 to T8, are shown in Figure 2-11(a); measurements 
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were made over 140 mm along the airway, with 20 mm spacing between each measurement 
position. Half of these measurements were made within the ETT. Figure 2-11(b) shows the 
inspiratory pressure measured at the ventilator (‘Insp’) along with the pressure catheter 
measurements at locations T1 to T8. The pressures within the airway are considerably different 
from those measured at the ventilator. It can also be noted that the pressures at different locations 
within the airway are mostly similar, with the peak pressures being possibly lower at the tip of the 
ETT (plot T5 in Figure 2-11(b)).  
The impact of the catheters on the airway pressures are shown in Figure 2-11(c). These 
measurements were made during a different experiment in an anesthetized pig subject to the PCV 
with MIP of 18 cm H2O. The plots show the pressures measured at the ventilator(‘Insp’) plotted 
with the pressures measured in the trachea by the pressure catheter (‘Cath’). Introducing the OCT 
catheter (CSA of ~0.55 mm2) causes a change in the pressures within the airway. In particular, by 
comparing the left and right plots in Figure 2-11(c), it can be noted that the peak-to-peak amplitude 
is reduced, and the higher frequencies are further suppressed when both the OCT and the pressure 
catheters were in the airway, when compared against the case where only the pressure catheter was 
in the airway. Nevertheless, the impact on the airway pressures due to the introduction of the OCT 
and pressure catheters within the ETT was significantly less than that caused by the bronchoscope 
as was shown in Figure 2-10(a).  
2.2.7.2 Pressure drop across a stenosis 
The pressure catheter was also used to perform a bench-top study with 3D printed stenosis 
phantoms to determine the nature of the intraluminal pressures in a tube with varying degrees of 
flow restriction. Four phantoms were 3D printed, with the dimensions shown, to obtain 50%, 70%, 
85% and 95% reduction in the CSA over a short segment at the center of the tube as shown in  
Figure 2-12(a). Measurements were made at 4 positions upstream of the restriction (P1- P4) and 
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at 4 positions after the restriction (P5- P8). The flow direction was always from the left to right. 
The pressure catheter was introduced into the phantom from the left to perform recordings at P1- 
P4 and from the right for pressure measurements at P5- P8. Both time varying and steady state 
conditions were examined. 
 
Figure 2-11: Pressure catheter measurements in an in vivo pig airway. (a) CT volume reconstruction showing the 
pressure catheter within the airway and the pressure measurement locations, T1 to T8. (b) Measured pressures at 
positions T1 to T8 compared against the inspiratory pressure measured at the ventilator (‘Insp’). (c) Change in 
airway pressures caused by the introduction of the OCT catheter illustrated by comparing airway pressures with just 
the pressure catheter (left) and with both the pressure and OCT catheters (right). The pressures measured at the 
ventilator are marked ‘Insp’ and the pressure catheter measurements in the airway are labeled as ‘Cath’. 
For time varying measurements, the ventilator was used to apply PCV with MIP of 20 cm 
H2O to a circuit consisting of the stenosis phantom and a bag that acted as a reservoir as shown in 
Figure 2-12(b). The pressure signals obtained in the 50% and 85% stenosis phantoms are shown 
in  Figure 2-12(d). The pressure measured at the inspiratory port of the ventilator is denoted by 
‘Insp’ and ‘P4’, ‘P5’ are pressure catheter measurements on either side of the stenosis.  A sudden 
change in the applied pressure caused a dip in the measured pressure at position P5 after the 
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stenosis. The magnitude of this negative pressure depended on the extent of the stenosis. The shape 
of the pressure curves at position P4 was roughly similar to those obtained in the trachea, while 
the pressure curve at P5 was visibly altered, with a larger restriction causing a greater distortion. 
The pressure curves further downstream of the stenosis (for e.g., at positions P7 or P8) resembled 
those measured at the inlet (point P1) for both the 50% and the 85% phantom (results not shown). 
Static pressure measurements were made under constant flow using a setup with a vacuum 
pump and flow meter as shown in Figure 2-12(c). Two flow regimes were explored, the first one 
used a flow rate of 10 L/min in the 50% phantom, 8 L/min in the 70% phantom, 6 L/min in the 
85% phantom and 4 L/min in the 95% phantom. The flow rate (𝑄𝑄) was chosen to ensure laminar 
flow with 𝑅𝑅𝑒𝑒 < 2300; 𝑅𝑅𝑒𝑒 =
𝑄𝑄(2𝑟𝑟)𝜌𝜌
𝜂𝜂𝜂𝜂𝑟𝑟2
 is the Reynolds number where 𝜂𝜂 is the dynamic viscosity of 
air 1.825e-5 kg/m-s, 𝜌𝜌 is the density of air 1.204 kg/m3 and 𝑟𝑟 is the radius of a circular stenosed 
segment. The results from these experiments are shown on the left panel in Figure 2-12(e). Under 
these flow rates the pressure drop across the stenosis is typically much less than 1 cm H2O and 
these measurements are within the error band of the pressure catheter (~ ±1.4 cm H2O). However, 
the trend in the measured pressure values across the stenosis seem to be as expected with a more 
severe flow restriction causing a greater drop in pressure.  
The second set of measurements used a 19 L/min flow rate. The value of 19 L/min was 
chosen since the peak instantaneous flow rates in pathological tracheas that may be achieved 
during restful breathing to moderate exercise can range from 15 to 60 L/min [56]. With this flow 
rate, the flow in the stenosis phantoms is expected to be turbulent as 𝑅𝑅𝑒𝑒 > 2300, for all phantoms. 
The measured pressures for this test are shown in Figure 2-12(e), right panel. With the higher flow 
rate, the pressure drops are significantly larger for stenoses greater than 70%. The overall pressure 
drop (Δ𝑃𝑃) across the stenosis was computed as the difference between the maximum and the 
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minimum of the pressures measured at P1 to P8. The Δ𝑃𝑃 obtained from both the laminar and 19 
L/min flow experiments were compared against theory. It was found that results obtained from 
Bernoulli obstruction theory [57] [58] showed better agreement with experimental measurements 
as compared to theoretical predictions from Poiseuille’s relation (Δ𝑃𝑃 = 8𝜂𝜂𝜂𝜂
𝜂𝜂 𝑟𝑟4
𝑄𝑄). The measured 
values of the pressure drop compared against results from Bernoulli obstruction theory are shown 
in Figure 2-12(f).  
 
Figure 2-12: Pressure measurements in stenosis phantoms. (a) Engineering drawing of the stenosis phantom, the 
diameter of the restricted segment (A) was chosen to yield different stenosis % as shown in the table. (b) 
Experimental setup for time varying measurements: the stenosis phantom and a bag were connected between the 
inspiratory and expiratory sections of the ventilator. (c) Experimental setup for measurements with a steady flow: a 
vacuum pump was connected to the stenosis phantom with a flow meter in between. (d) Pressure measurements 
under PCV with MIP 20 cm H2O; ‘Insp’ is measured at the ventilator, P4, P5 are measured at locations shown in 
part (a). (e) Pressure measurements from steady flow experiments. Left: laminar flow conditions, Right: turbulent 
flow conditions. (f) comparison of measured and predicted pressure drops for the steady flow experiments. 
The theoretical results were obtained using Bernoulli obstruction theory with the following 







2,    𝛽𝛽 = 𝑟𝑟2
𝑟𝑟1
  [57]. Where 𝑟𝑟1 and 𝑟𝑟2 are the radii of the unrestricted and 
restricted portions of the tube and 𝐶𝐶𝑑𝑑 is the coefficient of discharge (a function of 𝛽𝛽 and 𝑅𝑅𝑒𝑒) that 
serves as a correction for the non-zero viscosity of air and the difference in the size of the tube and 
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the size of the fluid jet emerging from the stenosed section. The value of 𝐶𝐶𝑑𝑑 was assumed to be 
0.93 as the stenosis obstruction most closely resembles a “long radius nozzle” type of Bernoulli 
obstruction and the 𝑅𝑅𝑒𝑒 𝑟𝑟2 <  10
4 (𝑅𝑅𝑒𝑒 𝑟𝑟2 is the Reynold’s number corresponding to 𝑟𝑟2; see Fig 6.42 
in [57]). The measured pressure drops depict the same trends as the theoretical predictions, as can 
be seen from Figure 2-12(f). 
2.3 Conclusions 
Respiratory gated scans only yielded a fixed number of volumes over the respiratory cycle 
and were challenging to perform successfully. Over the course of the experiment, the animal’s 
condition often worsened and the breathing became more variable, resulting in erratic abdominal 
motion. Due to this, the respiratory rate determined by the gating system varied considerably and 
it was difficult to obtain adequate scans to reconstruct the airway volumes. Since the primary goal 
of the CT scans was to serve as a comparison against OCT scans, cine scans were found to be 
preferable. Cine scans measured an adequate number of slices around the site of the OCT imaging 
with a 10 Hz frame rate (compared to the OCT frame rate of 20 Hz) and an in-plane resolution 
better than 0.3 mm. Static CT scans with CPAP were chosen for comparison against OCT pullback 
scans at CPAP, as the static scans were much easier to acquire and could cover a large field of 
view with an in-plane resolution of 0.4 mm or better. 
The use of a pressure catheter allowed the interrogation of airway pressures in the test 
subjects in great detail. The small diameter (3F) of the pressure catheter introduced minimal 
obstruction in the ETT and allowed acquisition of intraluminal pressures at the same time as the 
OCT scans. The pressure and flow values from the ventilator were also recorded. A comparison 
between these measurements served as a good indicator of the differences between the applied and 
intraluminal airway pressures in an intubated, mechanically ventilated pig.  
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While performing scans of the airway, under conditions other than spontaneous respiration, 
paralysis was found to be preferable over anesthesia. Anesthesia was found to introduce some 
variability in the nature of the pressure variation within the airway. Thus, anesthesia was used only 
initially during the experiments to allow for scans to be performed under spontaneous respiration.  
The bronchoscope was found to negatively influence the airway dynamics and was 
consequently removed from the airway during the scans. The results from eight of the experiments 
were largely unusable owing to the use of the bronchoscope during the scans. The impact of the 
bronchoscope on the OCT images was even more detrimental and this phenomenon is discussed 
in the next chapter. In the experiments with usable results, the bronchoscope was used only to 
position the pressure and OCT catheters within the airway and also to inspect the airway during 
the experiments.  
In conclusion, several experimental protocols and measurement methods were explored in 
ex vivo and in vivo porcine airways in order to obtain CT scans and pressure measurements for 
comparison against OCT scans. The final version of the setup used a paralyzed, intubated animal 
on the bed of a CT system, mechanical ventilation with either PCV or CPAP was applied, a 
bronchoscope was used to position OCT and pressure catheters within the airway and subsequently 
removed. Cine CT scans were performed in conjunction with PCV for comparison against OCT 
scans of the dynamic airway. Regular CT scans were performed under CPAP for comparison 
against pullback OCT scans. The use of the pressure catheter within the airway provided the most 
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CHAPTER 3: OCT IMAGING WITH SIMULTANEOUS PRESSURE 
MEASUREMENTS 
Studies have demonstrated the usefulness of OCT in imaging of the airways to measure 
airway shape and dimensions [38] [53] [40] [32] [37]. The use of OCT derived measurements with 
airway pressures can also enable the estimation of airway mechanical properties [41] [59] [60]. 
However, in previous studies that have studied airway deformation with OCT and pressures in 
human or animal subjects, the pressure measurements were not made at the site of imaging within 
the airway. McLaughlin et al. used pressures measured at the patient’s mouth to investigate the 
physiological features of the lower airway [53]. Williamson et al. measured esophageal pressure 
via a balloon catheter and the airway pressure at the mouth of a laryngeal mask airway. The 
difference between these two measurements was used as an estimate of the transmural airway 
pressure. The combination of transmural airway pressure with OCT measurements enabled them 
to investigate the altered mechanical properties of the human airways in conditions such as asthma, 
bronchiectasis, and COPD [41]. Robertson et al. used a pressure catheter within a rabbit airway to 
better estimate the pressures within the airway when a bronchoscope obstructed the passage, but 
it was unclear if the catheter pressures were ultimately used to calculate their estimate of airway 
wall compliance [59].  
It was shown in the previous chapter that even a small restriction of the intubated airway 
can cause changes to the pressures within the trachea and influence its expansion. Therefore, the 
use of OCT derived measurements along with pressures measured at the site of the imaging can 
potentially result in better estimates of local airway mechanical properties [60] [46]. Additionally, 
the validation of OCT airway imaging has so far been performed against CT scans that were 
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obtained as a part of a different exam [53] [40] [41]. In the study by Armstrong et al., OCT and 
CT measurements were performed within the same exam for comparison, but only at one time-
point within the respiratory cycle [38]. In this chapter, OCT of the airways is validated against CT 
scans obtained under identical conditions. The pressures were acquired synchronously within the 
airway using a pressure catheter close to the location of the OCT scans. 
This chapter uses data from the same experiments described in CHAPTER 2, but presents 
details of the OCT systems used for the experiments. Several representative OCT images are 
compared with CT slices and airway volumes derived from OCT and CT scans are also compared. 
OCT-derived CSA measurements of dynamic and static airways are compared against CT-derived 
results. The impact of introducing the OCT catheter through the working channel of the flexible 
bronchoscope is also discussed.  
Some of the results shown in this chapter have been published in [54] and [30]. 
3.1 Methods 
A simplified block diagram of the experimental setup, with the OCT section highlighted, 
is shown in Figure 3-1(a). OCT and CT were sequentially performed in either excised trachea 
(N=3) or an anesthetized and/ or paralyzed live pig (N=8). The intubated specimen was placed on 
the bed of a Siemens Biograph 64 slice CT system (Siemens Medical Solutions USA Inc.) and a 
SERVO 900C ventilator (Siemens-Elema AB) was used to mechanically ventilate the sample. 
OCT and pressure catheters were introduced and positioned in the airway as described in the 
CHAPTER 2. The pressure catheter was placed near the site of imaging without impeding the OCT 
field of view. OCT was performed first, followed by CT; pressure and flow signals were recorded 
synchronously only during OCT scans. More details on the experimental methods, CT acquisition 
types, pressure acquisition and ventilation protocols can also be found in CHAPTER 2. 
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Figure 3-1: OCT systems overview. (a) Overall setup showing the various sub-systems; the OCT sub-system 
discussed in this chapter is outlined in red. (b) Image of the cart based Santec OCT system. (c) Image of the cart 
based Thorlabs OCT system. (d) Detailed block diagram of the Santec OCT system showing the interferometer and 
the connections to the computer. (e) Detailed block diagram of the Thorlabs OCT system.  
3.1.1 OCT systems 
Two different types of cart-based OCT systems were utilized for the experiments. The OCT 
systems were named after the manufacturer of the laser source used as either Santec OCT system 
or Thorlabs OCT system. As summarized in Table 2-1, nine experiments were performed using 
the Santec OCT system. Figure 3-1(b) shows an image of this system with the various components 
labeled and Figure 3-1(d) depicts the functional block diagram. The final two in vivo exams were 
performed with the upgraded Thorlabs OCT system. An image of the Thorlabs OCT system cart 
is shown in Figure 3-1(c) and Figure 3-1(e) shows the system black diagram. In all cases, the OCT 
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system cart was positioned next to the CT bed, along with the other sub-systems, to enable OCT 
imaging within the exam room, as shown in Figure 2-1(a).  
3.1.1.1 Interferometer 
Both OCT systems utilized a common Mach-Zehnder Interferometer (MZI) design. The 
block diagram of the interferometer is shown in Figure 3-1(d) and (e), while Figure 3-2(a) shows 
a picture of the interferometer used with the Thorlabs system. Light from a swept laser source was 
split by a 95/5 Coupler (NoTail Coupler/ WDM, General Photonics Inc.): 95% of the light was 
directed to the sample arm and the remaining 5% was input to the reference arm. In the sample 
arm, light passed through a circulator (NoTail Circulator, General Photonics Inc.) and a fiber optic 
rotary junction within the rotary/ pullback scanner to the OCT catheter. The light back-scattered 
from the airway tissue returned through the OCT probe and via the same path back to the circulator, 
which directed it into a 50/50 Coupler (NoTail Coupler/ WDM, General Photonics Inc.). Similarly, 
light in the reference arm also passed through a circulator and was incident on a retro-reflector 
mounted on a translation stage. The light reflected back was directed to the 50/50 coupler by the 
circulator in the reference arm. The retro-reflector was mounted on a translation stage, which 
allowed the reference arm length to be varied in order to accommodate small differences in the 
OCT probe lengths caused by manufacturing tolerances. The fiber collimator shown in the 
reference arm was placed on a pitch-yaw mount that allowed the beam incident on the retro-
reflector to be aligned. This setup allowed the amount of reference arm power returned back to the 
50/50 coupler to be adjusted. The 50/50 coupler mixed the light returning from the reference and 
sample arms and produced two outputs with equal power. These outputs were connected to a 
balanced photodetector which converted the interference signal to an electrical signal. All optical 
connections were made using single mode fiber optic patch cables with FC/APC connectors, 
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except the portion between the collimator and retro-reflector in the reference arm, which was a 
free-space link. 
3.1.1.2 Rotary/ pullback scanner and scanner controller 
The function of the rotary/ pullback scanner was to allow the OCT probe to be rotated and 
translated during imaging. By combining rotation and translation, helical scans of the airway were 
performed. Dynamic airway scans at a fixed position were performed with only rotation enabled. 
The operation of the scanner was controlled by a scanner controller, which received commands 
from the computer via two serial port connections and sent control signals to the rotary/ pullback 
scanner. The scanner controller also included the power supplies for the rotation and translation 
motors in the scanner. Both OCT systems utilized a similar design for the rotary/ pullback scanner 
and the scanner controller, but with different connector types. The scanner and the scanner 
controller were designed and built by Physical Sciences Inc.  
The rotary portion of the scanner consisted of a fiber optic rotary junction (FORJ, MJP-
SAPB, Princetel) that is driven by a DC motor using a belt and pulley (Figure 3-2(b)). The 
enclosure consisting of the FORJ and the motor was mounted on a motorized translation stage 
(Figure 3-2(c)) that was driven using a stepper motor. Rotation and translation were controlled by 
commands sent from the computer. Rotary speeds up to 20 Hz and translation speeds up to 10 
mm/s were achievable. An FC/ APC connector was used to connect the scanner to the 
interferometer, while the OCT probe was connected to the scanner with an E2000 connector.  The 
optical path length of the scanner was 52.5”/ 133.35 cm.  
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Figure 3-2: OCT system component images. (a) OCT interferometer. (b) Rotary scanner. (c) Motorized stage for the 
translational motion of the scanner. (d) OCT catheter tip. 
3.1.1.3 OCT catheter 
The OCT catheter consisted of an OCT probe enclosed in a transparent sheath. During 
imaging, the OCT probe rotated and translated while the sheath remained stationary. The sheath 
served to isolate the imaged tissues from the moving probe and also to protect the fiber optic lens 
at the tip of the probe (Figure 3-2(d)). The OCT catheter used for these experiments was also 
designed and built by Physical Sciences Inc.  
The OCT probe consisted of a single mode fiber with a ball lens at its tip; the ball lens was 
polished and this polished surface was gold coated to generate a side viewing beam. Figure 3-2(d) 
shows an enlarged view of the OCT catheter tip: the sealed sheath tip, the polished ball lens, and 
the Nitinol drive-shaft can be seen. The fiber was enclosed in a straight super-elastic Nitinol tube 
(ASTM F2063), with ID/ OD 0.014”/ 0.019” (0.356/ 0.483 mm), that functioned as a drive-shaft 
to transfer rotary torque from the scanner to the probe tip. The proximal end of the probe was 
connectorized using an E2000 connector.  
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This probe assembly was placed in a Fluorinated Ethylene Propylene (FEP) tube with ID/ 
OD of 0.023”/ 0.033” (0.584/ 0.838 mm) which was sealed at its tip and had a Luer connector with 
a stiff tube at its proximal end. The sheath was kept immobile by holding the Luer connector 
stationary using v-clamps, while the inner probe was free to rotate. The length of the OCT catheter 
used for these experiments was either ~145 or ~175 cm. The length of the sample arm was 
increased by 30 cm using an additional patch cable when using the shorter catheters. The beam 
width of the OCT catheter was measured to be 89 μm at 2.5 mm and 384 μm at a distance of 12 
mm from the catheter exit surface [55]. 
3.1.1.4 Santec system components 
The Santec OCT system utilized a HSL2100-LC F extended cavity laser (Santec Corp.) 
with a measured output power of ~17 mW, and sweep rate of 4966- 5012 Hz. The manufacturer 
specified center wavelength is 1310 nm, sweep range is ≥ 30 nm, and coherence length is 17.5 mm 
[55].  More details on the laser can be found in the next chapter.  
A PDB120C (Thorlabs Inc.) balanced photodetector was used to detect the inference signal. 
This photodetector has a 0-75 MHz 3dB bandwidth and a maximum RF output voltage swing of ± 
1.8 V with a 50Ω load. The digitizer used was ATS9440 (Alazar Technologies Inc.), which can 
digitize four input analog channels with 14-bit precision at up to 125 MS/s.  
For experiments discussed here, the falling edge of the laser trigger was used to start the 
data acquisition and the photodetector signal was sampled at 10 MS/s using the digitizer’s internal 
clock over 150 µs for each sweep. This method collects data over about 75% of the laser sweep 
period to yield 1500 samples per laser sweep (called the record length). After employing a 
numerical method [61] to compensate for the fact that these samples were acquired uniformly 
spaced in time and not in wavenumber (𝑘𝑘 = 2𝜋𝜋/𝜆𝜆), the measured axial resolution of the system 
was 25.7 µm, [55]. The peak sensitivity was measured to be 90.2 dB at 2.5 mm and 75.2 dB at 
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14.5 mm from the probe exit surface [55]. The measured power at the output of the catheter was ~ 
5 mW. 
3.1.1.5  Thorlabs system components 
The other OCT system used a SL1310V1-10048 MEMS VCSEL source (Thorlabs Inc.) 
with a 100 kHz sweep rate, 10 dB sweep rage of 122 nm and a center wavelength of 1292 nm. The 
measured output power from the source was ~22 mW. The laser produces an electrically generated 
DAQ sweep trigger and an optically generated λ sweep trigger. The laser also has an inbuilt Mach-
Zehnder clock module with an optical path difference of 48 mm (free spectral range (FSR) of 6.25 
GHz); this module outputs a 𝑘𝑘-Clock that supports an imaging range of 12 mm in air.  
A PDB480C (Thorlabs Inc.) balanced photodetector, with 30 kHz to 1.6 GHz, 3 dB 
bandwidth, was used to detect the interference signal. The photodetector output was low pass 
filtered with SLP-300+ (MiniCircuits Inc.), 0–270 MHz (3dB) range, RF filter and then passed 
through a 10 dB attenuator. The low pass filter suppressed signals from beyond the 12 mm imaging 
range and the 10 dB attenuator prevented saturation of the digitizer inputs when the sample had 
strongly reflecting features. An ATS9360 (Alazar Technologies Inc.), 2 channel, 12-bit 
simultaneously sampled, 1.8GS/s (800 MHz, 3 dB analog bandwidth) digitizer was used to acquire 
the photodetector output.  
The rising edge of the DAQ sweep trigger with a 64 sample delay was used as the trigger 
to start the acquisition. The laser generated 𝑘𝑘-clock was used an external clock to the digitizer and 
3072 samples were acquired over one sweep of the laser (record length = 3072). This corresponded 
to a measured duty cycle of ~ 68%. i.e., samples were acquired over ~6.8 µs foreach sweep. A 
DB64 (Stanford Research Systems) variable delay box was used to match the overall signal 
propagation times in the 𝑘𝑘-clock path and the interferometer. The overall signal propagation time 
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is a combination of optical and electrical signal delays in either the interferometer or the 𝑘𝑘-clock 
path. The total delay of the signal in the interferometer path must match the total delay in the clock 
path to ensure that the portion of the clock used for sampling corresponds correctly to the portion 
of the sweep that produced the interference signal. 
The measured power at the output of the catheter was ∼13 mW. The system had an axial 
resolution of 12.6 μm and the sensitivity at 1.8 mm from the catheter surface was 105.7 dB, which 
reduced to 83.1 dB at 11.8 mm [30].  The MEMS VCSEL source has a coherence length 
significantly greater than the imaging range of 12 mm [62]. The observed reduction in sensitivity 
was primarily due to divergence of the beam from the catheter.  
All these aspects of the Thorlabs OCT system’s operation are be discussed in more detail 
in the next chapter. 
3.1.2 OCT acquisition protocols 
In scans that were performed to assess dynamic airway behavior, the probe tip was kept at 
a fixed position and rotated at 20 Hz. Such scans were termed stationary scans and were performed 
under pressure controlled ventilation (PCV) over a few respiratory cycles. When assessing static 
airway shape under constant airway pressure, the OCT scan was performed while the catheter was 
being rotated at 20 Hz and pulled back at 6 mm/ s to obtain a helical scan pattern over different 
total pullback scan lengths, typically between 15 and 100 mm.  
As noted in CHAPTER 2, eight of the eleven experiments were performed with the OCT 
catheter introduced into the airway through the working channel of a flexible bronchoscope. In the 
final three experiments performed in live pigs, the OCT catheter was introduced in the airway by 
itself and positioned under video guidance using the bronchoscope. Then the bronchoscope was 
withdrawn and imaging was performed. In cases where the pressure catheter was also used, the 
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pressure catheter tip was positioned behind the OCT tip to ensure that the OCT field of view 
remained unobstructed during the scans.  
3.1.3 OCT data processing 
The sampled photodetector signal over one laser sweep was numerically compensated [61], 
Fourier transformed and the magnitude of the Fourier transform was computed to obtain an A-line 
that was half the record length: 750 pixels in the case of the Santec system and 1536 pixels in the 
case of the Thorlabs system. A-lines over one rotation were collected to yield one frame. Therefore, 
the Santec system frames were nominally 750 × 250 pixels in size (i.e., 250 A-lines per frame, 
corresponding to the ratio of the sweep rate and the rotation speed, 250 = 5 kHz/ 20 Hz) and the 
Thorlabs frames were nominally 1536 × 5000 pixels in size (i.e., 5000 A-lines per frame, 5000 = 
100 kHz/ 20 Hz). However, the rotation rate was never exactly 20 Hz. In the case of experiments 
with the Thorlabs system, the frame size was empirically determined to be 1536 × 5004. In the 
case of the Santec system, the impact of the sweep rate and the rotation rate variations were 
accommodated by setting the number of A-lines per frame as either 250 or 254. 
The acquired OCT images were largely segmented manually to determine the air-tissue 
interface location for each A-line. This measurement was multiplied with a pixels per mm 
calibration factor to convert this measurement into a radial distance from the probe tip. The OCT 
beam does not emerge perfectly perpendicular to the OCT probe axis, instead it is intentionally 
offset by a few degrees to prevent specular reflections from being coupled back into the system. 
The beam also has to travel through the FEP sheath, which increases the propagation delay. The 
estimated radial distance of the airway surface was compensated for these two effects and a final 
corrected measurement was obtained for each A-line. These corrected measurements were used to 
compute the CSA of each OCT frame. The OCT images shown in the results section are after 
contrast adjustment and are displayed with a linear contrast mapping.  
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3.2 Results and discussion  
CT results and pressure measurements made during the experiments were presented in 
CHAPTER 2. In this section representative OCT results are shown and compared against CT 
results from the same experiment. The airway CSAs measured from OCT scans are also presented 
along with pressure recordings that were made synchronously during the OCT imaging. 
3.2.1 ex vivo trachea results 
In ex vivo tracheas, the variation in the trachea CSA was in step with the changes in applied 
pressure. Figure 3-3 presents some OCT results from the same ex vivo experiment that was 
discussed in Section 2.2.1. In this experiment the Santec system was used and the OCT catheter 
was introduced into the trachea through the working channel of the flexible bronchoscope. 
Respiratory gated scans were performed by taping the gating system’s load cell to a bag that was 
introduced into the ventilation circuit using a T-connector. Respiratory gated CT and stationary 
OCT scans were performed under PCV with MIP of 40 cm H2O, 30 bpm and a I:E ratio of 1:1. 
Pullback OCT scans were performed over 15 mm at 6 mm/s under CPAP setting of 0, 10, 20 and 
30 cm H2O.  
The four images in Figure 3-3(a) show the acquired OCT and CT images side-by-side at 
peak inspiration (In100%) and peak expiration (Ex0%).  It can be noted that the tracheal shape is 
distorted on the OCT images. This is caused by non-uniform rotational distortion (NURD) due to 
the introduction of the OCT catheter through the working channel of the bronchoscope. Figure 
3-3(b) shows the variation in CSA against inspiratory pressures measured at the ventilator, 
determined from CT (left) and OCT (right) scans. The shape of the CSA curves is similar, but the 
actual CSA values are very different owing to the distortion in the OCT images. Figure 3-3(d) 
compares images of the trachea acquired by OCT under different levels of CPAP against images 
acquired by CT. The distortion in the OCT images is again evident, but the variation in the size of 
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the trachea with increasing pressures may be observed. Figure 3-3(c) quantifies the change in 
trachea size by plotting the calculated CSAs as a function of position along the trachea at different 
CPAP settings. The trends in CSA shown by OCT (right) are similar to those derived from CT 
scans (left). Most notably, both modalities show that the increase in CSA for the pressure increase 
from 10 to 20 cm H2O is much greater than the change in CSA from 20 to 30 cm H2O. However, 
the actual CSA values are again not similar owing to the distorted OCT images. 
3.2.2 in vivo dynamic airway imaging results 
Figure 3-4 shows results from an in vivo experiment. In this case, OCT scans were 
performed using the Santec system and the OCT catheter was introduced into the airway through 
the working channel of the flexible bronchoscope. The OCT tip was kept at a fixed position and 
scans of the dynamic airway were performed under PCV with a MIP of 10, 20, 30 and 40 cm H2O. 
The pressures acquired at the inspiratory port of the ventilator are shown on the rightmost plot in 
Figure 3-4(b). The results obtained from OCT were compared against respiratory gated CT scans 
acquired at the same PCV settings. The panel of images in Figure 3-4(a) compares the OCT and 
CT images acquired at different phases of the respiratory cycle. The distortion of the airway shapes 
caused by NURD is again evident here. The calculated CSA from CT and OCT are shown in the 
left and middle panels of Figure 3-4(b). The variation in the CSA over the respiratory cycle is seen 
on both CT and OCT derived CSA curves. The CSA values computed by OCT and CT are 
comparable and the overall shapes of the CSA curves are somewhat similar. The OCT curves 
indicate a larger change in CSA at different PCV settings than the CT curves. 
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Figure 3-3: ex vivo trachea results. (a) OCT and CT images at peak expiration (Ex0%) and peak inspiration 
(In100%). (b) Variation in trachea CSA over a respiratory cycle under PCV as determined by CT (left) and OCT 
(right) scans. The inspiratory pressure measured at the ventilator is shown overlaid on both plots. (c) Variation in the 
trachea CSA over its length at different constant airway pressures, acquired using CT (left) and OCT (right). (d) 
OCT and CT images of the trachea at different constant airway pressures. 
As noted in the previous chapter, respiratory gated CT only yields a limited number of 
volumes over a respiratory cycle (11 in the case of Figure 3-4). In a subsequent experiment, OCT 
scans were compared against cine CT scans with 100 ms temporal resolution; the results from this 
experiment performed with the Thorlabs OCT system are shown in Figure 3-5. The OCT and 
pressure catheters were introduced and positioned in the airway under video bronchoscopy, and 
the bronchoscope was subsequently withdrawn. 
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Figure 3-4: in vivo experiment results. (a) OCT and CT images at different phases of the respiratory cycle. (b) CSA 
variation over a respiratory period determined by CT (left) and OCT (middle). Inspiratory pressures measured at the 
ventilator (right). 
The measurements were performed under PCV with MIP of 6, 12, 18, 24 and 30 cm H2O, 
a respiratory rate of ∼20 breaths per minute and an I:E ratio of 1:1. OCT was performed at a fixed 
location in the trachea, above the tracheal bronchus, with a 20 Hz frame rate. Cine CT volumes 
were acquired over the region around the OCT catheter tip with an in-plane resolution of ∼0.5 mm, 
and frame rate of 10 Hz. The acquired images at 12 cm H2O are shown in Figure 3-5(a). The 
maximum (blue) and minimum (green) airway contours are overlaid on the images to depict the 
change in the luminal shape over the respiratory cycle. The distortion of the airway shape, that was 
seen in Figure 3-3(a), (d) and Figure 3-4(a), is not seen in this case as the OCT probe wasn’t 
introduced through the working channel of the bronchoscope. However, the overall airway shape 
still appears different on the OCT frame due to NURD, when compared to the CT image.  
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Figure 3-5(b) shows the inspiratory pressures measured at the ventilator (left) and the 
pressures measured by the pressure catheter at the OCT imaging site in the trachea (right). The 
peak-to-peak pressures measured in the airway are similar to that at the ventilator. However, the 
shapes of pressure curves within the airway are considerably different from the applied pressure 
waveform at the ventilator. The airway CSA variation during a respiratory cycle derived from 
OCT and CT images are shown in Figure 3-5(c). The actual CSA values measured by CT and OCT 
are different, but the overall shape and the variation across different PCV settings are similar. 
 
Figure 3-5: in vivo experiment results. (a) OCT and CT images acquired at peak inspiration, the contours depict the 
airway shapes at peak inspiration and peak expiration. (b) Pressures measured at the ventilator (left) and in the 
airway (right). (c) CSA calculated by CT (left) and OCT (right) over the respiratory cycle. 
3.2.2.1 Pressure-CSA curves 
The nature of the variation of the airway CSA with the respiratory cycle at different 
ventilation settings was also visualized by plotting the CSA values against the catheter pressure 
values. These curves are shown in Figure 3-6 for both CT- and OCT-derived CSAs. The results 
depict a hysteresis, with the CSA values from the inspiratory segment of the respiratory cycle 
forming the lower section of the curves and the expiratory values in the upper section (illustrated 
on Figure 3-6(a)). Although these are not strictly stress-strain curves, these curves do indicate that 
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the airway deformation has a viscoelastic component. These curves also resemble the dynamic 
pressure-volume curves reported by Harris [63].  
 
Figure 3-6: Hysteresis plots of airway derived by plotting the CSA against catheter pressures over one respiratory 
cycle. (a) CSA derived from CT scans. (b) CSA derived from OCT scans 
3.2.2.2 Comparison of OCT and CT results 
As depicted in Figure 3-4(b) and Figure 3-5(c), while the trends in OCT and CT CSA 
variation with pressure change were similar, the actual OCT- and CT-derived CSA values were 
different. This section quantifies the agreement between the OCT and CT measurements by means 
of a Bland-Altman plot [64]. The comparison of the OCT and CT CSAs for the Santec in vivo 
results and the Thorlabs in vivo results are shown in Figure 3-7. The solid line depicts the bias, 
while the dashed lines represent the limits of agreement (bias ± 2× standard deviation). 
For the Santec scans depicted in Figure 3-4, the bias of the measurements was 5.85 mm2 
and the limits of agreement were from -6.14 to 17.83 mm2. For the Thorlabs scans shown in Figure 
3-5, the bias of the measurements was -23 mm2 and the limits of agreement were from -15.6 to -
31.3 mm2. In the Santec experiment, OCT overestimated the CSA (as indicated by the positive 
bias of 5.85 mm2), while in the Thorlabs experiment the OCT scans underestimated the CSA (the 
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bias of the measurement was -23.44 mm2). The limits of agreement were tighter in the case of the 
Thorlabs scans (standard deviation: 3.91 mm2) as compared to the Santec case (standard deviation: 
5.99 mm2). This is expected as the overall trachea was less distorted in the Thorlabs experiment 
as the OCT catheter was not introduced through the bronchoscope’s working channel. The 
differences in the absolute values of CSA measured by OCT and CT were similar to those reported 
by other studies [38]. 
 
Figure 3-7: Bland-Altman plots of the agreement between OCT and CT CSA measurements. (a) in vivo experiment 
with Santec system (data shown in Figure 3-4) (b) in vivo experiment with Thorlabs system (data shown in Figure 
3-5). Solid line depicts the bias of the measurement, dashed lines represent the limits of agreement. 
3.2.3 in vivo static airway imaging results 
In addition to imaging the airway under respiration, scans were also performed while the 
airway was held under constant pressure by the application of CPAP in a paralyzed subject. This 
section presents results from both the Santec and the Thorlabs OCT systems. 
Figure 3-8 depicts results obtained from a paralyzed pig under 20 cm H2O CPAP using the 
Santec OCT system. In this case, the OCT catheter was introduced on its own, rotated at 20 Hz 
and pulled back at 6 mm/s over 100 mm to obtain the results shown in Figure 3-8(a). A CT scan 
of the same airway is shown in Figure 3-8(b) and corresponds to the peak inspiratory phase of a 
respiratory gated CT scan performed with the bronchoscope in the airway under PCV with a MIP 
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of 20 cm H2O. The ventilation settings were different during the CT and OCT acquisitions and the 
CT airway volume in Figure 3-8(b) is only presented to allow for a qualitative comparison of the 
airway morphology.  
The OCT images acquired at three different levels in the airway are also shown in Figure 
3-8(a). The OCT images over the entire pullback length were segmented and the volume shown 
was reconstructed using Mimics. The OCT images were assumed to be acquired in a plane and no 
correction was performed for the helical nature of the beam scan pattern. It can be seen that there 
are no gross distortions of the airway shape in these scans as no bronchoscope was used during the 
OCT scan. However, due to the lack of the bronchoscope to hold the OCT catheter centered in the 
airway, the OCT catheter ended up resting against the airway wall for most of the scan. This can 
be seen by the line-like indentation on the OCT volume shown in Figure 3-8(a)- marked as “OCT 
pullback path”. The middle OCT image, acquired at the level of the tracheal bronchus, also shows 
the catheter against the airway wall, causing other portions of the airway wall to be at much larger 
distances from the probe than if the probe would have been centered within the airway. The 
sensitivity roll-off on the Santec OCT system caused the distant airway wall to appear indistinct 
and made the segmentation of these scans challenging. It can also be noted that the sub-surface 
airway structures, viz. cartilages, also appear indistinct and only on limited portions of the OCT 
images. However, it can be seen that the OCT pullback scan does a reasonable job of depicting the 
overall airway anatomy, including the positions of the side branches. 
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Figure 3-8: in vivo static airway scan performed with the Santec OCT system. (a) OCT images and reconstructed 
volume of the airway from a pullback scan. (b) CT reconstruction and cropped slice images at roughly similar 
positions as the OCT images shown in (a). Gray arrows depict corresponding features in the different scans. 
Figure 3-9 compares the results obtained from an experiment performed using the Thorlabs 
OCT system, against CT results obtained under identical ventilation settings. As before, the OCT 
scan was performed while the catheter was being rotated at 20 Hz and pulled back at 6 mm/s. The 
total scan length was ~100 mm and the scan took 16.7 s. The CT scan was acquired subsequently 
with only the pressure catheter in the airway, with an in-plane resolution of ∼0.4 mm and a slice 
thickness of 0.6 mm. The airway was kept at a fixed positive pressure of 12 cm H2O for the duration 
of both of the OCT and the CT scans. It can be seen by comparing Figure 3-9(a) with (b) that the 
OCT-derived volume compares favorably with the CT-derived volume. The OCT volume is able 
to correctly obtain the location and the orientation of airway branches (numbered arrows on the 
figures) as well as the tracheal bronchus (red arrow) and the carina (green arrow).  
The OCT and CT axial images at approximately similar locations are also shown. The 
airway shapes and sizes depicted by the two modalities are in agreement with one another, with a 
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few caveats. The OCT volume of the trachea above the carina is clipped (shown by orange arrow 
in Figure 3-9(a)). In this region, owing to the position of the OCT catheter and the size of the 
trachea, portions of the airway wall were beyond the 12 mm imaging range of the OCT system 
(this is discussed in more detail in Section 3.2.5).  
The top and bottom OCT images in Figure 3-9(a) also show NURD. For instance, the first 
OCT image appears pinched at the top, while the CT image at the same location shows no such 
feature. In the OCT image shown at the bottom, the airway lumen appears disjoint with a sharp 
protrusion into the airway- this is a result of NURD. Another important limitation of OCT is its 
inability to image structures that are not within the line-of-sight. This phenomenon is illustrated in 
the OCT and CT images in the middle. The portion of the airway depicted by the white arrow on 
the CT image is not seen on the corresponding OCT image.  
OCT volumes are also produced with the OCT probe tip as the origin. Therefore, the 
reconstructed OCT volume does not correctly represent the curved shape of the airway portion 
past the carina. 
In this experiment, an additional stiff polyurethane (PU) sheath was used to steer the OCT 
catheter and a polyamide sheath attached to the side of the PU sheath was used to house the 
pressure catheter. These sheaths are marked on the OCT images shown in Figure 3-9(a). 
By comparing OCT images in Figure 3-9 with those in Figure 3-8, it is evident that the 
Thorlabs OCT images are considerably better. Although, the topmost OCT image in Figure 3-9 
still shows that the distant airway wall is not clearly visualized, the sensitivity roll-off of the 
Thorlabs system with distance from the probe tip is demonstrably better than that of the Santec 
system. The sub-surface airway tissue structures are also clearly seen on the Thorlabs OCT images 
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in Figure 3-9.  In particular, it is now possible to discern cartilage outlines as well as the airway 
mucosa and sub-mucosa on the OCT images [46]. 
 
Figure 3-9: in vivo static airway scan performed with the Thorlabs OCT system. (a) OCT images and reconstructed 
volume of the airway from a pullback scan. (b) CT reconstruction and cropped slice images at roughly similar 
positions as the OCT images shown in (a). Gray numbered arrows depict corresponding features in the two scans 
3.2.4 Impact of using a bronchoscope 
It was demonstrated in the previous chapter that the presence of the flexible bronchoscope 
in the airway during imaging distorts the airway pressures and results in erratic airway deformation 
over the respiratory cycle. In this section, the impact of introducing the OCT catheter through the 
working channel of the bronchoscope is considered. The Nitinol tube drive-shaft used by the 
current OCT probe is very sensitive to bending in its path and this phenomenon is discussed in 
detail in the next chapter. 
The flexible bronchoscope used for these experiments had a sharp bend at the section where 
the working channel input port joined the main shaft (indicated by the red arrow in Figure 3-10(a)). 
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The combination of this bend with the curved ETT resulted in extreme distortion of the airway 
shapes as noted in Figure 3-3 and Figure 3-4 earlier. Figure 3-10(b) compares OCT images of the 
in vivo airway acquired with the Santec OCT system, obtained either by introducing the OCT 
catheter by itself in the airway (left) or by introducing the OCT catheter into the airway through 
the working port of the flexible bronchoscope (right). It is evident that the bronchoscope 
introduction greatly distorts the OCT image. 
Tests were performed with three other bronchoscopes: Olympus BF type XP60 (OD 2.8 
mm, working channel ID 1.2 mm), Olympus BF type P190 (OD 4.2 mm, working channel ID 2.0 
mm), and Olympus LF-DP with an entry angle 45° (OD 3.1 mm, working channel ID 1.2 mm) to 
determine if a change in the working channel diameter or the shape of the working channel input 
port would influence the NURD. The OCT catheter was introduced into the working port of these 
bronchoscopes. The bronchoscopes were passed through an ETT and the tip of the OCT catheter 
was positioned at the center of a 3D printed star-shaped phantom. OCT images were acquired with 
this setup and these tests showed no appreciable reduction in NURD- either from the larger 
working channel diameter or the different working channel input port design. These tests 
demonstrate that the present Nitinol tube based OCT probe is not particularly suitable for use if 
the OCT probe must be passed through the working port of a flexible bronchoscope. 
3.2.5 OCT imaging artifacts 
There are several artifacts with OCT imaging that are of particular significance in large 
airway imaging. The first is the distortion of the airway shape caused by non-uniform rotation of 
the OCT probe tip, which is caused by the variable friction between the rotating drive-shaft and 
the stationary sheath. The introduction of the OCT catheter into the airway also introduces bends 
in the catheter path that further increase the sites at which the rotation of the OCT probe may be 
impeded. This is the NURD artifact that causes either gross distortions in the airway shape (as seen 
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in Figure 3-3(a), (d); Figure 3-4(a); Figure 3-10(b)) or distortions that are not as extreme (as seen 
in Figure 3-5(a); Figure 3-9(a)) and has been discussed several times in the sections above. 
 
Figure 3-10: Impact of introducing the OCT catheter through the working channel of a flexible bronchoscope. (a) 
Image showing the OCT catheter in the working channel. Red arrow points to a bend in the working channel (b) 
Left: image acquired with only the OCT catheter in the airway. Right: image acquired with the OCT catheter 
introduced into the airway through the bronchoscope working channel. 
The second is the inability of the OCT scans to reproduce features that lie outside the line-
of-sight, as illustrated by the middle OCT and CT images in Figure 3-9. This phenomenon is not 
particularly important while imaging the trachea, owing to the roughly cylindrical shape of the 
trachea. When imaging airways distal to the mainstem bronchi, portions of the airway tree could 
be missed due to this effect. This limitation might also not be very detrimental if the objective is 
only to image the large airways. However, this artifact must be carefully considered in complex 
airway structures such as the hypopharynx in the upper airway and in the nasal cavity (to be 
discussed in 0), as missed portions of the airway could result in erroneous CSA values or faulty 
volume reconstructions.  
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The limited imaging range of the OCT system, either due to sensitivity roll-off in the Santec 
system or the data acquisition method in the Thorlabs system, can cause portions of the airway to 
be missed completely or for portions of the airway to be “mirrored” due to aliasing. The impact of 
this was illustrated by the clipped OCT volume denoted by the orange arrow in Figure 3-9(a). The 
OCT image corresponding to this region is shown on Figure 3-11(b). An OCT frame showing 
possible aliasing artifact from the Santec system is also shown in Figure 3-11(a), although the 
sensitivity roll-off with this system makes it difficult to be certain that the artifact shown is due to 
aliasing. However, since the image shown was acquired in the trachea, the surface marked with 
the orange arrow could not have been caused by any actual anatomical feature. The aliasing is 
much clearer in Figure 3-11(b) acquired with the Thorlabs system. It can be seen that the portions 
of the airway near the orange arrow show sub-surface structures (for instance the cartilages) in 
front of the airway surface. This clearly indicates that the OCT image was mirrored in this region 
owing to the airway wall being at a distance greater than 12 mm from the probe. 
 
Figure 3-11: Artifacts in OCT images. (a) Image acquired by the Santec OCT system. (b) Image acquired with the 
Thorlabs OCT system. 
Specular reflections from the catheter components or highly reflective sample surfaces 
result in large amount of back-scattered light that can saturate the photodetector. This phenomenon 
can produce bright radial lines on the Cartesian images and such artifacts are common when the 
OCT catheter is touching the airway wall.  An additional artifact for all Fourier domain OCT 
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systems is the autocorrelation artifact. These artifacts are caused by mutual interference of light 
scattered from interfaces in the sample arm or from different sample layers. Such artifacts are 
particularly visible when the sample has strongly reflecting surfaces. The artifact presents itself as 
a less bright version of the imaged sample above the actual sample surface. Since the airway wall 
in these experiments was only weakly reflecting, none of the images presented above show 
prominent autocorrelation artifacts. The autocorrelation artifact can however be seen on images in 
Figure 4-13 that were acquired with a faulty probe. 
3.3 Conclusions 
The results from this and the previous chapter demonstrate that endoscopic, swept-source 
OCT systems with synchronized intraluminal pressures that are suitable for large airway imaging 
were built, characterized, and results obtained from these systems were verified. The systems have 
been shown to be capable of quantifying dynamic airway dimensions relative to CT. By combining 
CSA measurements and intraluminal airways pressures during respiration, hysteresis curves 
depicting the viscoelastic nature of the in vivo airway wall were obtained. These measurements 
can be extended to the lower airways and could prove useful in the evaluation of obstructive lung 
diseases. Using the experimental protocol presented, it might also be feasible to determine regional 
differences in airway mechanical properties and model dynamic airway collapse in patients 
suffering from OSA [46]. Differences in pressures applied at the ventilator and pressures measured 
within the airway using the pressure catheter underscore the benefits of measuring pressures at the 
site of the imaging. A validation protocol that allows dynamic OCT of airways under varying 
respiratory conditions to be validated against CT acquired under identical conditions during the 
same exam was presented and shown to be effective.  
Volumetric reconstructions of several airway generations obtained by OCT were compared 
against CT and the OCT scans were found to faithfully represent the airway morphology. The OCT 
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system’s ability to assess the airway anatomy quantitatively in 3D, without the use of a separate 
CT or MRI exam, is particularly promising for the evaluation of CAO and for planning of complex 
surgical interventions.  
These experiments also highlighted several shortcomings of the OCT imaging methods 
employed. In particular, it was found that a low sensitivity roll-off is critical for the imaging of the 
large airways. It was also found that the Nitinol drive-shaft employed by the current OCT probe 
results in NURD artifacts even when used without the bronchoscope. The OCT probe when 
introduced through the working channel of the bronchoscope essentially produced unusable results. 
While it has been shown that the impact of NURD on CSA measurements might be not as 
detrimental as its impact on the airway shape [60], it is still important to faithfully reproduce the 
overall airway shape and size. The limited imaging range of both the OCT systems make them 
challenging to use in large airways. In particular, the imaging range will have to be extended 
beyond 20 mm for the OCT imaging of adult airways. These limitations are examined in more 
detail in the next chapter and improvement suggestions are presented. 
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CHAPTER 4: AIRWAY IMAGING WITH SS-OCT AND MECHANICAL SCANNING 
CONSIDERATIONS 
The experiments described in the previous chapters have shown that there are several 
improvements necessary with the current OCT systems to enable their use for adult airway imaging. 
Specifically, the sensitivity roll-off of the OCT system has a prominent impact on the acquired 
images. A large sensitivity roll-off results in distant airway walls not being clear enough to be 
accurately segmented. Additionally, a long imaging range is needed to be able to acquire images 
in the adult airways and to avoid aliasing artifacts. Finally, it was observed that the presence of 
NURD greatly distorts the airway shape and limits the use of OCT for obtaining accurate 3D 
representations of the airway.  The first two issues noted here have to do with the OCT system 
itself, while the NURD is a mechanical issue caused by the design of the OCT catheter. 
An approach to acquire photodetector samples uniformly spaced in the wavenumber (𝑘𝑘) 
domain is presented first [65]. On the Santec system, this approach could potentially enable the 
acquisition of correctly sampled A-lines with the expected axial resolution in real-time as opposed 
to the off-line numerical method that is employed currently [61].  The uniform in 𝑘𝑘 resampling 
procedure is used with the Thorlabs laser k-Clock signal and a proof-of-concept OCT system with 
an extended imaging range is presented. It is shown that the imaging range can potentially be 
increased without additional hardware to beyond 24 mm using this approach.  
It was shown in the previous chapter that the use of the Thorlabs OCT system enabled the 
acquisition of significantly improved airway OCT images. The images not only depicted distant 
airway walls clearly but also showed sub-surface tissue structures.  The second portion of this 
chapter discusses the differences in the Santec and Thorlabs OCT systems that enabled this 
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improvement. In particular, considerations for the design of the interferometer and the 𝑘𝑘-clock 
based sampling scheme for the Thorlabs system are discussed in detail. The sensitivity roll-off of 
the Thorlabs system is also presented and the reasons for the observed roll-off are discussed. It 
was found that the fiber lens at the OCT probe tip was primarily responsible for the decrease in 
sensitivity with depth on the Thorlabs system. An approach to mitigate this with a novel lens design 
will be presented in the next chapter. 
Finally, the NURD performance of the current OCT catheter is compared against a 
commercial OCT catheter with a torque coil drive-shaft.  It is shown that the torque coil drive-
shaft performs significantly better than the existing OCT catheter under all imaging scenarios. The 
impact of NURD and OCT probe tip motion on the acquired images are also examined by means 
of simulations.  
4.1 Swept laser sources and data acquisition  
4.1.1 Santec OCT system 
4.1.1.1 Theory and methods 
The Santec laser uses an extended fiber cavity design, shown in Figure 4-1(a), with the 
polygon mirror and grating acting as a tunable filter to achieve an output that sweeps in wavelength. 
The specific approach shown in the figure, allows the laser to achieve a narrowing of the 
instantaneous linewidth by a process called “quasi-phase continuous tuning” and this results in a 
longer coherence length [66]. The laser has a highly linear, repeatable scan and operates at a 5 kHz 
nominal sweep rate. The manufacturer specified single-pass 3 dB coherence length is ≥ 30 mm 
and the round-trip coherence length reported by Wijesundra et al. is 17.5 mm [55]. However, the 
combination of the limited source coherence length and the beam profile of OCT probe fiber lens 
causes significant reduction in sensitivity with distance. The peak sensitivity was measured to be 
90.2 dB at 2.5 mm and 75.2 dB at 14.5 mm from the probe exit surface [55]. Owing to this, it was 
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difficult to detect features beyond ~10 mm under practical imaging conditions with the Santec 
system- as was noted in CHAPTER 3.  
 
Figure 4-1: Swept laser source details. (a) Functional block diagram of the Santec laser source, adapted from [66]. 
(b) Output spectrum of the Thorlabs laser source showing the wavelength sweep range. (c) Probable functional 
block diagram of the Thorlabs laser, portions of the figure adapted from [67] [68]. 
In the Santec OCT system, the photodetector signal is sampled at 10 MHz using the 
digitizer’s internal clock. This procedure produces samples that are uniformly spaced in time and 
not in 𝑘𝑘. If this acquired signal is Fourier transformed, the resulting A-line will have a degraded 
axial resolution. This phenomenon is illustrated in Figure 4-2(a), (b). Figure 4-2(a) shows the 
photodetector signal acquired with a mirror in the sample arm and Figure 4-2(b) depicts the A-line 
obtained by a simple Fourier transform. Instead, if the current off-line numerical correction 
procedure [61] is used to compensate for the non-uniform in 𝑘𝑘 sampling, an A-line with a sharp 
peak can be obtained, as shown in Figure 4-2(c).  
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Figure 4-2: Santec OCT system data processing. (a) Sampled photodetector signal with a mirror in the sample arm. 
(b) A-line obtained by simple Fourier transform of the signal shown in (a). (c) A-line obtained after numerical 
correction,  
An alternate approach to obtain a clean A-line is to resample the acquired photodetector 
signal such that the samples are uniformly spaced in 𝑘𝑘, before performing the Fourier transform 
[65] [69]. In order to achieve this, a resampling vector must first be determined; the process for 
which is illustrated in Figure 4-3(a), (b) and (c). A signal is first acquired with a mirror in the 
sample arm and the acquired photodetector signal is band-pass filtered to retain only the dominant 
fringe frequency component. This filtered result, shown in Figure 4-3(a), is used as a calibration 
signal. Hilbert transform is used to determine the instantaneous phase of this filtered signal and 
the phase is unwrapped to obtain the instantaneous phase as a function of time, as shown in Figure 
4-3(b). Equally spaced points on the unwrapped phase curve are also equidistant in 𝑘𝑘 (the phase 
of the OCT signal is proportional to 𝑘𝑘Δ𝑧𝑧, where Δ𝑧𝑧 is the path length difference. The calibration 
signal is acquired with a mirror kept at a fixed position. Therefore, Δ𝑧𝑧 is a constant and the phase 
is proportional to 𝑘𝑘). Figure 4-3(c) illustrates the difference between uniform in time and uniform 
in 𝑘𝑘 sampling points. The list of sample positions that yield uniformly spaced points on the phase 
curve is the resampling vector, which is schematically shown in Figure 4-3(c). Once this 
calibration is done and a resampling vector has been determined, interpolation can be used to 
determine the values of photodetector signal at the positions in the resampling vector from the 
input signal which is uniformly sampled in time.  
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Figure 4-3: Uniform-in-𝑘𝑘 resampling procedure. (a) Filtered photodetector signal used for calibration. (b) 
Instantaneous unwrapped phase. (c) Visualization of difference between uniform in time and uniform in 𝑘𝑘 sampling 
points. (d) Input photodetector signal. (e) Resampled version of (d). (f) Comparison of A-lines obtained by Fourier 
transform of (d) and (e). (g) Comparison of A-lines obtained by the current numerical correction method and the 
resampling method. Sample was a mirror placed at different positions. (h) Comparison of the peak widths (FWHM) 
for the A-lines shown in (g) obtained by the two methods. 
4.1.1.2 Results and discussion 
The results obtained from the resampling process are illustrated in Figure 4-3; parts (d), (e) 
and (f). The acquired photodetector signal over one laser sweep, shown in Figure 4-3(d), is 
resampled to obtain the signal shown in Figure 4-3(e). This resampled signal is then Fourier 
transformed to yield the corrected A-line. Figure 4-3(f) compares the A-line obtained by Fourier 
transform of the signal shown in Figure 4-3(e) with the A-line that was obtained by a Fourier 
transform of the signal shown in Figure 4-3(d).   
75 
In the case of the Santec system, the laser sweep is highly linear and repeatable. 
Additionally, the fringe frequencies are low due to the 5 kHz sweep rate of the laser. Therefore, a 
single calibration step and a constant resampling vector along with linear interpolation can be used 
over multiple scans. Figure 4-3(g) shows A-lines obtained from multiple scans acquired by 
translating a mirror in the sample arm. A constant, fixed resampling vector, along with linear 
interpolation, was used to produce the A-lines indicated by the orange arrows.  
The advantage of this method over the existing approach is that this correction can be 
performed in real-time during acquisition. Figure 4-3(g), (h) compare results obtained by the 
proposed resampling method against the current method. Figure 4-3(h) presents the measured full 
width at half maximum (FWHM) widths of the A-line peaks by the two methods. The proposed 
method produces comparable results to the current, off-line, numerical correction method. 
4.1.2 Thorlabs OCT system 
4.1.2.1 Theory and methods 
A probable internal block diagram of the Thorlabs laser is shown in Figure 4-1(c). External 
cavity tunable lasers, such as the Santec laser discussed above, operate with a cluster of 
longitudinal modes, which ultimately limits the coherence length achievable from such sources. 
At the core of the Thorlabs laser is an optically pumped, fiber coupled, MEMS-VCSEL 
(microelectromechanical systems tunable vertical-cavity surface-emitting laser) module (see  
Figure 4-1(c)). The module consists of a VCSEL with an optical cavity formed by a semiconductor 
mirror at the base and a suspended, partially reflective, dielectric, MEMS mirror at the top. By 
applying a voltage to the mirror, the length of the optical cavity can be varied and the emission 
wavelength can be tuned. The VCSEL is optically pumped at 980 nm through the top dielectric 
mirror to generate a tunable emission centered around 1310 nm. The emitted light emerges from 
the top mirror and is amplified to produce the final laser output.  The VCSEL cavity is microns in 
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length and therefore supports only a single longitudinal mode, thus producing an extremely narrow 
instantaneous linewidth (corresponding to a very large coherence length) even under dynamic 
operation [67]. In fact, the MEMS-VCSEL source has been shown to have a coherence length 
greater than a meter [62]. 
Other aspects of the Thorlabs laser are also shown in Figure 4-1(c). The DAQ sweep trigger 
is an electrically generated signal produced by the sub-system that controls the voltages to the 
MEMS mirror; the rising edge of this signal with a 64 sample delay was used to start the data 
acquisition for the experiments described in CHAPTER 3. The optically generated 𝜆𝜆 sweep trigger 
and the MZI 𝑘𝑘-clock module are also shown. The polarization control paddles are two rotary 
wheels that can be adjusted to control the polarization states of the amplifier input and output. The 
output spectrum of the laser, acquired using an optical spectrum analyzer, is shown in Figure 4-1(b). 
It can be seen that the laser’s output spectrum is not Gaussian; the sharp peak at the end of the 
tuning range is caused by the suspended mirror slowing before reversing direction. The 10 dB 
sweep rage is 122 nm, the center wavelength is 1292 nm and laser output is produced over only 
one sweep direction of the mirror. The manufacturer-specified duty cycle is 78% (the period over 
which the laser output is enabled), and the sweep rate is 100 kHz.  
4.1.2.2 Results and discussion 
Owing to the nature of the sweep of the MEMS VCSEL laser the numerical correction 
approach does not result in clean A-lines with the Thorlabs laser. This is illustrated in Figure 4-4; 
Figure 4-4(a) shows the photodetector signal of a mirror in the sample arm acquired using the 
digitizer internal clock at 500 MHz. Figure 4-4(b) compares the A-line obtained by a direct Fourier 
transform of the signal shown in Figure 4-4(a) and the A-line obtained after the numerical 
correction procedure. The peaks in the A-line are also shown enlarged. The numerical correction 
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procedure does not improve the FWHM width of the A-line peak and doesn’t produce a narrow, 
sharply peaked A-line as would be expected for a mirror sample. 
 
Figure 4-4: Thorlabs OCT system uniform in time data acquisition. (a) Photodetector signal (b) A-line obtained 
without and with numerical correction. 
It was determined that the use of the laser’s 𝑘𝑘-clock output was necessary to obtain A-lines 
with the expected axial resolution.  For a swept-source OCT system, the most commonly used 









[71]. Where 𝑛𝑛 is the refractive index of the medium, 𝜆𝜆𝑐𝑐 is the center wavelength, Δ𝜆𝜆1/𝑒𝑒2 is the 
1/𝑒𝑒2 sweep range and Δ𝜆𝜆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 is 3 dB sweep range i.e., FWHM range. These expressions assume 
that the source spectrum is Gaussian shaped. Additionally, the manufacturer specified sweep range 
of 122 nm is a 10 dB measurement. For a Gaussian, a factor of 1.823 (= �ln 10 / ln 2) may be 
used to convert the 10 dB width to the FWHM width. As shown in Figure 4-1(b), the spectrum of 
the Thorlabs system is not Gaussian. However; if the spectrum of the Thorlabs laser is assumed to 
be Gaussian, then Δλ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 122/1.823 ≈ 67 𝑛𝑛𝑛𝑛 and with a 𝜆𝜆𝑐𝑐 = 1292 𝑛𝑛𝑛𝑛, the expected axial 
resolution is Δ𝑧𝑧 = 10.99 𝜇𝜇𝑛𝑛 in air. 
As shown in Figure 4-1(c), the 𝑘𝑘 -clock is a signal generated using a Mach-Zehnder 
interferometer with a constant path length difference. The path length difference in SL1310V1-
10048 is 48mm in air. The resulting interference signal is detected by a balanced photodetector to 
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generate the 𝑘𝑘-clock signal. By the Nyquist relation, this 𝑘𝑘-clock signal can be used to sample a 
signal of up to 24 mm delay, which translates to a 12 mm imaging range for an OCT system that 
measures back-scattered light. 
Some of the measured characteristics of the 𝑘𝑘-clock signal are shown in Figure 4-5. The 
𝑘𝑘-clock output was sampled at 1.8 GHz to compute these results. Figure 4-5(a) shows that there is 
no single sharp peak, even though this signal was generated by a constant path difference. In fact, 
the spectrum shows a wide band of frequencies with roughly equal power. Short time Fourier 
transform was used to examine the change in instantaneous frequency and the result is shown in 
Figure 4-5(b). The frequency of the 𝑘𝑘-clock varies in a highly non-linear manner and is not 
monotonic in nature. Figure 4-5(c) shows the instantaneous phase calculated by filtering the 𝑘𝑘-
clock signal, using the Hilbert transform to determine the instantaneous phase and then 
unwrapping the phase. By comparing Figure 4-5(c) with Figure 4-3(b), it can be seen that the 
Thorlabs laser’s phase evolution is very non-linear and the 100 kHz sweep speed results in a 
rapidly changing phase. 
 
Figure 4-5: Thorlabs 𝑘𝑘-clock signal characteristics. (a) Spectrum of the 𝑘𝑘-clock signal. (b) Instantaneous frequency 
over the laser sweep computed by using short-time Fourier transform. (c) Instantaneous phase calculated from a 
filtered 𝑘𝑘-clock signal using the Hilbert transform method described earlier. 
In addition to using the 𝑘𝑘-clock signal to sample the photodetector output, it was also found 
that it was critical to match optical and electronic signal delays between the signal path and the 𝑘𝑘-
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clock path. In an optical fiber, light propagates at ~69% of light’s speed in free space (𝑣𝑣 =
𝑐𝑐0/𝑛𝑛;𝑛𝑛 ≈ 1.45); thus, the delay introduced is ~4.83 ns/m. A flexible RG174 coaxial cable has a 
frequency range of 0-1 GHz, impedance of 50 Ω and a capacitance of 101.05 pF/m. Thus, the 
resulting signal propagation velocity in coaxial RF cables is ~66% of 𝑐𝑐0 or a delay of ~5.05 ns/m. 
Therefore, both optical and electrical delays must be taken into account while calculating the 
overall signal delay.  
 
Figure 4-6: Importance of matching delays in the interferometer and the clock paths. (a) Interferometer with retro-
reflectors in both the sample and reference arms. The numbers indicate the lengths of the fiber or electrical cables in 
m. The length of the fiber between the laser and the 95/5 coupler was changed to obtain different two different 
delays for the interferometer signal. (b) Comparing A-lines obtained from interferometers with two different lengths. 
Figure 4-6 illustrates the importance of correctly matching the signal delays by comparing 
the results obtained by an interferometer with retro-reflectors in both the signal and reference arms. 
The retro-reflector in the sample arm was mounted on a translation stage and measurements were 
made by varying the length of the sample arm by moving the retro-reflector. Measurements with 
varying sample arm lengths were made with either a 5 or 9 m fiber between the laser and the 95/5 
coupler in order to change the total interferometer path delay. All other fiber and cable lengths 
were kept constant at the values shown in Figure 4-6 (a).  The photodetector signal was sampled 
using the 𝑘𝑘-clock and A-lines were calculated using a Fourier transform.  The A-lines obtained at 
different sample arm lengths are shown in Figure 4-6(b), which also shows an enlarged view of 
one of the A-line peaks. It is evident that a change in the interferometer length can considerably 




Figure 4-7: Thorlabs OCT system characterization. (a) Final interferometer design; MZI: Mach-Zehnder 
Interferometer, BPD: Balanced Photodetector, LPF: Low Pass Filter. (b) A-lines obtained by translating a mirror in 
the sample arm after numerical compensation. (c) Sensitivity roll-off. (d) Axial resolution across the imaging range 
with and without numerical compensation (blue curve depicts FWHM of the peaks shown in (b)). 
On the basis of these observations, the lengths of the fibers and the electrical cables were 
modified to obtain the narrowest A-line possible. The final system design with the connection 
lengths is shown in Figure 4-7(a), the measured powers at the different portions of the system are 
also shown. Using this setup and a mirror, mounted on a translation stage in the sample arm, the 
A-lines shown in Figure 4-7(b) were obtained. The photodetector signal was sampled using the k-
clock and compensated using the numerical correction method. The FWHM width of the A-line 
peaks was used to determine the axial resolutions shown in Figure 4-7(d). The axial resolution 
after numerical compensation was 12.6 ± 2.7 μm over the imaging range of 12 mm. Thus, the final 
axial resolution was comparable to the expected theoretical resolution of 11 µm, computed above. 
The axial resolution without numerical compensation was 14.1 ± 3.6 µm (dashed curve in Figure 
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4-7(d)). Therefore, A-lines for real-time display could potentially be computed, without numerical 
compensation, using the onboard FFT feature of the Alazar DAQ. This would considerably reduce 
the real-time processing load on the PC. 
The system sensitivity was measured by using a precisely aligned mirror as the sample and 
by attenuating the returned sample signal. The measured sensitivity roll-off is shown in Figure 
4-7(c); the peak sensitivity was measured to be 105.7 dB at 1.86 mm from the probe, reducing to 
83.1 dB at 11.8 mm. The causes for this reduction in sensitivity are discussed in section 4.1.4.  
 
Figure 4-8: Comparison of the images acquired with the Santec and Thorlabs systems. (a) Image of an ex vivo 
trachea acquired with the Santec System. (b) Image of an ex vivo trachea acquired with the Thorlabs system. (c) 
Representative H&E histology image of a pig trachea (adapted from [46]). (d) Zoomed in section of image shown in 
(a). (e) Zoomed in section of image shown in (b). 
These improvements in the system performance allowed the acquisition of OCT images 
with significantly improved quality. This is illustrated in Figure 4-8 by comparing images acquired 
in ex vivo pig tracheas using the Santec and Thorlabs OCT systems. An image obtained from the 
Santec system is shown in Figure 4-8(a). Figure 4-8(d) shows an enlarged portion of this image. 
The Thorlabs OCT image shown in Figure 4-8(b) (and the enlarged view in Figure 4-8(e)) depicts 
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the airway lumen more clearly and also shows the sub-surface tissue structures in great detail. A 
representative histology image is shown in Figure 4-8(c) for comparison. Note that these images 
are not from the same trachea. 
4.1.3 Increasing the imaging range of the Thorlabs OCT system 
The 48 mm path length difference MZI module in the Thorlabs laser supports an imaging 
range of 12 mm. The adult trachea can be up to 27 mm in diameter and the larynx dimensions can 
exceed 40 mm in adults [72] [73]. Therefore, a longer imaging range is desirable for adult airway 
imaging. The imaging range can be increased by using a custom MZI module with a longer path 
length difference to obtain a 𝑘𝑘-clock with a higher maximum frequency that supports a longer 
imaging range. This would require three additional couplers and a high-speed balanced 
photodetector (similar to that shown in Figure 4-1(c)), with possibly additional electrical 
components to produce a clock signal. Another alternative is to use an RF frequency multiplier to 
double the existing electrical clock signal to support a 24 mm imaging range. However, both these 
approaches require additional components. 
The 𝑘𝑘- resampling procedure, presented in 4.1.1 for the Santec system, can also be used to 
extend the imaging range of the Thorlabs system. The advantage of this approach is that longer 
imaging ranges may be obtained without additional optical or electrical components. Since the 𝑘𝑘-
clock signal output by the laser is produced using a constant path delay, a filtered version of this 
signal can be used as a calibration signal to compute the instantaneous phase. Equally spaced points 
on the instantaneous phase curve can then be used to resample the acquired photodetector signal 
uniformly in 𝑘𝑘. By acquiring both the photodetector and the k-clock signal at a high sampling rare 
and by using a large number of resampling points, higher fringe frequencies can be digitized and 
the imaging range can be extended in this manner.  
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However, unlike in the Santec laser case, it was found that a fixed resampling vector could 
not be resample multiple records as the interferometric signal was not similar across sweeps, even 
when all conditions were kept as fixed as possible. Linear interpolation also yielded sub-optimal 
peak widths owing to the high frequencies involved. Therefore, in the Thorlabs case, the 𝑘𝑘-clock 
signal had to be acquired for each sweep along with the photodetector signal. The acquired 𝑘𝑘-clock 
signal was filtered, Hilbert transformed and the phase was unwrapped to obtain the instantaneous 
phase curve for each sweep. The acquired photodetector signal was then resampled and Fourier 
transformed to obtain the final A-line. Both the 𝑘𝑘-clock and the photodetector signal had to be 
acquired at the highest possible sampling speed to support longer imaging ranges. 
 
Figure 4-9: Extending the imaging range on the Thorlabs system with 𝑘𝑘 resampling. A-lines acquired with a mirror 
in the sample arm at different positions. Bottom row: zoomed-in portion of the mirror signal. 
Figure 4-9 shows results from a proof-of-concept experiment performed with the Thorlabs 
system. The photodetector and 𝑘𝑘-clock signals were acquired at 1.8 GS/s and stored to disk using 
a high-performance oscilloscope program provided by the digitizer manufacturer. The stored data 
was analyzed off-line using Matlab scripts to produce the A-lines shown in the figure.  Labview 
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could not be used, as aggregate data throughput rates as low as 1 GB/s cause buffer overflows. 
Additionally, it doesn’t seem to be possible to enable features such as inline sub-VI or pre-allocated 
clone re-entrant execution in order to improve runtime performance with the version of program 
currently used (Labview 2014).  
The A-lines obtained by using a mirror in the sample arm, before and after resampling, are 
shown in Figure 4-9. The A-lines obtained by a Fourier transform of the raw photodetector signal 
(blue curves) show no structure, while the resampled A-line (orange curves) shows a clear peak 
(indicated by the yellow arrowhead). The OCT catheter used for these experiments was defective 
and shows a large noise peak, which is marked with a gray arrow on the figures. A combination 
of reference and sample arm translations was used to obtain the large path differences shown.  
Significantly larger imaging ranges may be achievable using this method. Note however that the 
A-lines at large distances are degraded owing to the larger fringe frequencies and the sampling 
frequency used. 
4.1.4 Analysis of the sensitivity roll-off with the Thorlabs system 
Even with a large imaging range, the sensitivity roll-off can limit the usable imaging range. 
This was seen with the Santec OCT system, where the source has a coherence length of 17.5 mm 
but features beyond ~10 mm were difficult to detect owing to the large sensitivity roll-off. In the 
case of the Thorlabs system, the sensitivity at 1.8 mm distance was 105.7 dB and 83.1 dB at 11.8 
mm. Although these sensitivity values were adequate to determine the air-tissue interface in the 
acquired OCT images, a smaller roll-off with roughly uniform sensitivity over the imaging range 
is desirable. A smaller sensitivity roll-off is particularly important for long range OCT imaging. It 
was noted earlier that the Thorlabs laser source has a coherence length much larger than any 
imaging range conceivable for airway imaging. Therefore, the source coherence length was not 
the cause of the sensitivity roll-off observed. The photodiode and the digitizer had a 1.6 GHz and 
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an 800 MHz bandwidth respectively. Both of these components had bandwidths that exceed the 
expected fringe frequency for a 12 mm imaging range. Thus, these components could also not have 
caused the roll-off observed.  
In order to determine the root-cause of the observed sensitivity roll-off, experiments were 
performed by replacing the OCT catheter with a home-made ball lens based OCT probe (working 
distance ~1 mm, see CHAPTER 5 for more details). The results of these experiments are shown 
in Figure 4-10(a). Comparing the “ball lens” and the “current” curves shown, it can be noted that 
the ball-lens based probe had a much smaller reduction in sensitivity with distance. The third curve, 
titled “ball lens w/ ref. move”, was obtained by moving only the reference arm. This measurement 
method eliminates the influence of the fiber lens beam profile in the sample arm. The roll-off curve 
obtained by varying only the reference arm length was even flatter than the other two curves. These 
combined results illustrate that nearly all of the roll-off observed with the current system is 
probably attributable to the beam profile of the existing OCT probes. This was confirmed by 
measuring the beam profile of a current OCT probe shown in Figure 4-10(b). The beam profile 
was measured with an OCT probe without the sheath, using a scanning slit beam profiler and the 
measurements shown are the 1/e2 beam diameters in the two orthogonal directions. 
 
Figure 4-10: Sensitivity roll-off in the Thorlabs system. (a) Sensitivity roll-off measured with the current OCT probe 
compared against a self-made ball lens probe and with the ball lens probe, the sample arm kept fixed and only the 
reference arm length being varied. (b) Measured beam profile from an existing OCT probe without the sheath.   
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4.2 Motion artifacts and NURD 
4.2.1 Theory and methods 
OCT images with a rotating probe are produced with the following assumptions:  
1. the origin of the probe, with respect to the imaged structures, does not to change 
within a rotation due to either probe tip or airway wall motion. 
2. the probe rotates at a uniform speed with a known rotation rate and there is a one-
to-one correlation between the airway features and the A-lines which are acquired 
at a known, constant scan rate. 
If any of these assumptions are violated, then the resulting OCT image no longer truthfully 
represents the airway being imaged [74]. However, both these assumptions are unlikely to be 
strictly true under actual imaging conditions.  
First, the OCT catheter bends and touches different surfaces at many points when it is 
introduced into the airway. These interfaces effectively immobilize most of the OCT probe except 
the free tip (if it is unsupported by the airway wall). The OCT catheter tip can therefore move 
linearly either in the radial direction (i.e., towards or away from the center of the lumen) or in the 
tangential direction (i.e., from side-to-side, perpendicular to the radial direction) when the probe 
is being rotated.  Airway wall motion can occur either due to respiration, the cardiac cycle, or other 
physiological processes. Second, while the A-line rate is nearly constant and its acquisition is 
determined by a synchronous trigger, the OCT probe tip very often rotates at a non-uniform speed- 
this is the well-known NURD artifact that has been discussed in the previous chapter. In extreme 
cases, the probe can remain stationary for a period of rotation before enough torque is built up to 
initiate rotation again- this phenomenon results in distortion of the images called the stick-slip 
artifact. Sometimes, the distinction between motion and non-unform rotation artifacts is not made 
and both these types of artifacts are together referred to as NURD [75].  
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In general, these distortions are present in any endoscopic imaging method that uses a 
rotating probe. The artifacts are typically more prominent in proximally scanned probes, where the 
rotary torque must be transmitted to the probe tip through a drive shaft. The use of micromotor at 
the distal tip can mitigate some of these artifacts and also support much higher rotation rates. 
However, such miniature motors typically have lower torque and lack encoders or feedback control 
for very precise speed control. Additionally, NURD can be caused even in such designs due to an 
unbalanced load or due to mechanical instabilities at higher speeds [76]. Finally, such micromotor 
based catheters typically have larger outer diameters (often 1 mm or more) with an inflexible tip 
and, owing to their high cost, are more suitable for applications where the probes may be reused.  
The impact of motion and NURD are also less severe when the lumen size is small. With 
small luminal organs, such as the coronary arteries, the OCT catheter size and the vessel size are 
similar, thus preventing any extreme motion of the OCT probe tip. With large airway imaging, the 
OCT probe tip is free to move within the airway, resulting in more noticeable artifacts. Any non-
uniformity in the rotation rate is also very noticeable due to the large, variable distance between 
the probe and the airway surface. Additionally, with other OCT imaging scenarios, the clinical 
goal is usually not to reconstruct an anatomically accurate representation of the vessel being 
imaged- which is a primary consideration in large airway imaging. The combination of these 
factors makes endoscopic OCT imaging of airways with large dimensions particularly challenging.  
 The drive-shaft choice has a large impact on the performance of a proximally scanned 
OCT probe. The most commonly used drive-shaft in OCT applications is the torque coil [29] [77]. 
Early Intravascular Ultrasound (IVUS) researchers have compared the performance of a spiral 
torque coil drive-shaft against a solid tube type drive-shaft [74]. It was found that when both 
catheters were kept straight, the performance of the torsionally-rigid, solid-tube, type drive-shaft 
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was better. However, when the catheters were used under curved conditions the performance of 
the solid tube shaft was extremely poor, even under small bend angles.  
The current OCT probe, used in the experiments described in CHAPTER 3, uses a straight 
super-elastic Nitinol tube as the drive-shaft. To the best of our knowledge, the performance of such 
a drive-shaft has never been compared to that of a torque coil. Specifically, the results presented 
in CHAPTER 3 demonstrate that the current design of the OCT probe is not ideal when the probe 
must be introduced through the working channel of a flexible bronchoscope. 
 
Figure 4-11: Dragonfly OCT catheter test setup. (a) Probe tip with visible light coupled into the probe. (b) SC/ APC 
connector at the rotary scanner. (c) Sheath fixture at the proximal end. (d) Test setup with the OCT catheter 
introduced through the working channel of a flexible bronchoscope and the bronchoscope passed through an ETT; 
the notched tube phantom used to acquire images is seen at the bottom left corner.  
In order to compare the NURD performance of the existing OCT probe with a torque coil 
based catheter, a Dragonfly Optis OCT catheter (Lightlab/ St. Jude/ Abbott Medical) was 
interfaced to the existing Thorlabs system. This commercially available OCT catheter is used for 
intravascular imaging in combination with the ILUMIEN OPTIS OCT system. The catheter uses 
a graded index fiber based lens with a beam deflector at its tip, a torque coil drive-shaft, and an 
SC/ APC fiber connector at the proximal end. A picture of the probe tip with visible light coupled 
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is shown in Figure 4-11(a). In order to interface this catheter, the scanner was modified to replace 
the E2000 connector with an SC/ APC connector (Figure 4-11(b)).  
The reference and sample arm lengths were modified to accommodate the Dragonfly Optis 
probe, which was ~164 cm in length. The outer sheath was kept immobile by holding it with v-
clamps at the proximal end as shown in Figure 4-11(c). The probe was rotated at 20 Hz to acquire 
images in different phantoms. Tests were performed with the catheter held straight by itself, by 
introducing it through the working channel of a flexible 2.5 mm pediatric bronchoscope with 1.2 
mm working channel and by passing the catheter through the bronchoscope working channel, 
followed by passing the bronchoscope through a 5 mm pediatric cuffed ETT, shown in Figure 
4-11(d). 
4.2.2 Results and discussion 
The artifacts due to both motion and NURD are illustrated with simulated images shown 
in the Figure 4-12. Figure 4-12(a) and (b) show examples of NURD caused by the angular scan 
pattern shown on the plots on the left. In both these cases, the overall rotation speed is the same 
but the actual rotation angle (red) differs from the ideal angle (blue). Due to this, the shape of the 
vessel is distorted, as shown in the figures to the right. Additionally, the probe is positioned off-
centered in the vessel and it is assumed that the probe tip is stationary during the rotation period.  
Figure 4-12(c) and (d) depict scans made with uniform rotation speed but with probe tip motion. 
In Figure 4-12(c), the probe tip moves tangentially to describe a circle while also rotating and in 
Figure 4-12(d), the probe tip moves radially and returns back to the starting position over the period 
of one rotation. A combination of both NURD and motion artifacts is also possible, but is not 
shown here. Some of the distortion patterns, seen in Figure 4-12, resemble those encountered in 
the OCT images shown in CHAPTER 3. In particular the distortion seen when the OCT probe was 
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used within the working shaft of the flexible bronchoscope could be caused by stick-slip type of 
NURD at two positions over the rotation period.  
 
Figure 4-12: NURD and probe motion artifacts. (a) Scan with sinusoidal angle error in rotation. (b) Stick-slip 
rotation error.  (c) Uniform rotation speed, but the probe tip describes a circle with the same time period as the 
rotation. (d) Uniform rotation speed but the probe tip oscillates linearly with the same time period as the rotation. O 
and X are the initial & final probe tip positions, the probe tip trajectory is depicted in purple. Blue outlines are the 
actual vessel shapes, red outlines are the shapes depicted on the acquired images. 
Figure 4-13 compares images of a notched tube phantom with the probes placed either at 
the center of the phantom or off-center. The top row of images was acquired with the existing OCT 
catheter. This particular catheter had a faulty lens at the tip, which resulted in the bright band 
around the center and the autocorrelation artifacts between the center and the tube surface. 
However, the faulty lens has no influence on the NURD, which is primarily a mechanical issue 
determined by the driveshaft. The bottom row of images was acquired with the Dragonfly catheter. 
For each set of tests, the probes were either used by themselves or introduced through the 
bronchoscope’s working channel (boxed and marked as “bronchoscope”).   It is evident that the 
current OCT probe produces acceptable images only when used by itself. In cases where it was 
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introduced through the bronchoscope, the images were visibly distorted. The Dragonfly OCT 
catheter, on the other hand, produced reasonably accurate images in all cases, with a slight 
distortion evident when used with the bronchoscope. It was also possible to pass the torque coil 
based Dragonfly catheter through the working channel without any difficulty. 
 
Figure 4-13: Images acquired with the Nitinol drive-shaft compared with images from a torque coil OCT probe. (a) 
Images acquired within a notched tube phantom with the probe tip centered within the phantom, without a 
bronchoscope (left) and through the working channel of a bronchoscope (right). (b) Images acquired with the 
Dragonfly catheter under similar conditions as (a). (c) Images acquired within the notched tube phantom with the 
probe tip off-center with the probe by itself (left) and with the probe trough the working channel of the 
bronchoscope (right). (d) Images acquired with the Dragonfly catheter under similar conditions as (c). The noise in 
the top row of images was caused by a faulty OCT probe tip, it does not have any influence on the NURD. 
Additional results obtained from these tests with two additional phantom types are shown 
in Figure 4-14. Figure 4-14(a) compares results from the existing OCT probe (left) in a square and 
triangle shaped phantom with those obtained with the Dragonfly probe (right). The NURD is 
evident on the images in the left column, with the straight sides appearing curved. The images in 
the right column acquired with the torque coil probe are significantly better. All images in Figure 
4-14(a) were acquired with both the probes kept as straight as possible. Figure 4-14(b) compares 
images acquired using the Dragonfly OCT catheter under three different conditions: with the 
catheter kept straight (top row), with the catheter passed through the working channel of the 
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flexible bronchoscope (middle row), and the same setup as the middle row but with the 
bronchoscope passed through a curved ETT (bottom row). Thus, the introduction of the OCT 
catheter through the working channel causes NURD and passing the bronchoscope through the 
curved ETT makes the distortion worse. 
 
Figure 4-14: Images acquired with the Nitinol drive-shaft compared with images from a torque coil OCT probe. (a) 
Images of a 3D printed square and triangle phantom acquired with the current OCT catheter (left) and the Dragonfly 
probe (right). (b) comparison of images acquired with the Dragonfly probe by itself (top row), through the working 
channel of a bronchoscope (middle row) and through the working channel of a bronchoscope that was then passed 
through an ETT (bottom row). 
4.3 Conclusions 
The 𝑘𝑘-clock based data acquisition scheme with the Thorlabs laser enabled significant 
improvements in the quality of the OCT images acquired. In particular the sensitivity advantage 
of the Thorlabs system enabled clear visualization the airway surface over the entire 12 mm 
imaging range. The improved sensitivity also allowed sub-surface tissue structure to be identified. 
The uniform-in-𝑘𝑘 resampling procedure presented may be used to perform real-time correction of 
A-lines on the Santec system or to extend the imaging range of the Thorlabs system beyond 12 
mm.  
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The sensitivity roll-off of the current Thorlabs system is chiefly due to the beam profile of 
the fiber lens at the tip of the OCT catheter. A method to improve this is proposed in the next 
chapter. The NURD performance of the existing Nitinol tube based OCT catheter was compared 
against a commercial torque-coil based OCT catheter. The torque coil based OCT catheter was 
found to out-perform the existing catheter in all tests. 
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CHAPTER 5: FABRICATION AND CHARACTERIZATION OF FIBER LENSES 
The results presented in previous chapter illustrate that the reduction in sensitivity with 
distance observed with the Thorlabs OCT system is caused by the diverging beam profile of the 
fiber lens at the tip of the OCT probe. In this chapter, the design and fabrication of all-fiber probes 
that generate low numerical aperture (NA) beams is discussed. Such probes are better suited for 
imaging large luminal organs when the distance between the probe and the tissue surface is 
unknown and variable. A novel multi-segment, all-fiber lens, that can produce low NA beams with 
working distances larger than 14 mm, is described and compared with three existing types of all-
fiber probes. Considerations for angle polishing the ball tip to obtain a side-viewing beam suitable 
for airway imaging are also presented. Additionally, fiber probes are typically enclosed in a sheath 
for endoscopic imaging. The cylindrical shape of the sheath results in an astigmatic beam profile; 
this phenomenon is also investigated and designs are proposed to mitigate this in the context of 
large airway imaging.  
OCT imaging in the nasal passages, the upper airway, the trachea or the mainstem bronchi 
is particularly challenging owing to large lumen size.  In adults, the main stem bronchi are typically 
13 to 15 mm in diameter and the tracheal diameters can vary from 10 to 27 mm [72], while the 
larynx dimensions can exceed 40 mm [73].  As described earlier, OCT imaging of the large airways 
is performed with a flexible fiber optic catheter that is either introduced on its own [43] [30], 
through a rigid bronchoscope or through the working channel of a flexible bronchoscope [32]. 
While some degree of positioning accuracy may be obtained by the concomitant use of video 
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endoscopy, it is almost never possible to perfectly position the OCT probe tip at a specific position 
in relation to the lumen.  
Additionally, it is also not feasible to use a balloon catheter or capsule to precisely position 
the probe within the airway lumen, as is commonly done for OCT imaging in the gastrointestinal 
tract [29]. General anesthesia would have to be administered if a balloon inflation method is used 
in the major airways due to the patient discomfort that arises from the sense of asphyxiation 
associated with complete occlusion of the airway [78] [79]. This would greatly increase the 
complexity of the imaging procedure and make it unsuitable for in-office use.  
Owing to these considerations, an OCT system with relatively uniform sensitivity and 
resolution across the entire imaging range is preferrable for large airway imaging. This can be 
achieved by a probe that produces an approximately collimated Gaussian beam, with the smallest 
beam diameter possible. 
Probes designed for large airway OCT imaging typically employ a bulk gradient refractive 
index (GRIN) lens and a spacer, along with a prism to obtain a side-looking, low NA beam with a 
long working distance- typically greater than 10 mm [80] [81] [38] [42] [33].   An alternative to 
using bulk glass components as the probe optics is to utilize only fiber optic elements to shape the 
incident beam. Such all-fiber probes are formed using fusion spliced elements, which ensures that 
the lens segments are correctly aligned with extremely low-loss interfaces that have better 
mechanical integrity than probes with bulk glass elements. All-fiber probes are also better suited 
for applications that require miniature, flexible probes owing to the smaller dimensions of fiber 
optic elements and the lack of any rigid elements at the probe tip [29].  
The first endoscopic OCT system, described by Tearney et al. in 1996 [82], used a GRIN 
lens based fiber optic probe. Although the range of OCT applications and probe designs has 
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expanded greatly since [83] [29] [77] [84] [85], the GRIN lens based design continues to be the 
most commonly used [29]. While versatile, the GRIN lens based probe elements need to be 
carefully aligned and fixed in a manner that allows their alignment to remain unaffected as the 
probe rotates [86] [87]. This is typically achieved with some form of housing, which in turn results 
in a rigid distal end that is challenging to introduce into sections with tight bends such as the 
working port of a flexible bronchoscope or a tortuous luminal organ. The end faces of the single 
mode fiber (SMF), the glass rod and the GRIN lens are typically polished at 8° to avoid Fresnel 
reflections and bonded using an adhesive. The refractive index mismatches at the interfaces 
between the elements result in additional losses [88] [87]. In contrast, all-fiber probes have 
extremely low-loss, mechanically robust, self-aligned, fusion spliced, segments that are 
particularly suitable for the fabrication of miniature, flexible probes.  
A wide range of all-fiber lens designs, based on ball lenses [89] [90], graded index fibers 
(GIF) [91] [92] [93] or other elements [91] [94] [95], have been described in literature. However, 
these designs typically produce imaging beams with short working distances (often less than 3 
mm) that are best suited for imaging small luminal organs [96] [97] or to applications where the 
tissue is in contact with the probe [98] [99].  Beam profiles other than a Gaussian, such as Bessel 
beams, are unlikely to be suitable for endoscopic OCT imaging of the large airways owing to the 
long imaging ranges that need to be achieved with miniature probes and the limited source powers 
involved in such applications [100] [101] [102]. 
The earliest application of lensed fiber tips was for the coupling of light between fibers and 
fiber optic devices, such as semiconductor lasers. All-fiber lens designs based on spherically tipped 
fibers [103] or spherical tips formed on spliced glass fibers [104], as well as GIF [105] and other 
designs were first introduced in the context of fiber optic coupling applications [106] [107]. GIF 
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based lens designs, as well as a few other all-fiber designs were first adapted for OCT imaging by 
Swanson, et al. [91] in 1999, followed by Reed et al. [92]. The use of ball lens based fiber optic 
probes for endoscopic OCT imaging was proposed by Shishkov, et al. [89] in 2004 and Yang, et 
al. [90] in 2005. OCT probes with hemispherical tips, formed by splicing and fusing a segment of 
coreless fiber (CF) [94] [108] [109], have also been described. While the majority of all-fiber 
probes are designed to produce Gaussian beams for imaging, other beam shapes better suited for 
high resolution imaging over a comparatively extended depth of field have also been demonstrated 
[95] [110] [111]. All-fiber probes have also been shown to be compatible with forward-viewing, 
piezo-based probe designs [112]. The application areas for all-fiber lenses are broad, but primarily 
involve imaging of small luminal organs such as blood vessels or other small organs [89] [97] [96] 
[113] [114] and biopsy or surgical guidance [90] [93] [98] [115] [116] [84] [117] [99] [118]. Fiber 
lenses are also often employed in multi-modal imaging probes [119] [120] [121] [122]. 
Commercial intravascular OCT systems developed by Lightlab [123] [124] and Terumo [125] both 
use all-fiber probe designs. Such intravascular imaging systems have also found use in small 
airway imaging [126]. The current ball-lens based fiber probe, described in 3.1.1.3, has been used 
for imaging the trachea, as illustrated in CHAPTER 3, and the nasal cavity, which is described in 
0.  
5.1 Fiber lens designs 
Designs are presented in increasing order of utility for OCT imaging of large luminal 
organs. The first design presented is a ball-tipped, angle polished Single Mode Fiber (SMF) probe 
(called “Design A”). This is arguably the simplest design to fabricate as it does not need precise 
lengths of different fiber types to be spliced. However, this design typically produces a diverging 
beam that is not well-suited for imaging applications. The second design presented consists of a 
Coreless Fiber (CF) spacer followed by a Graded index Fiber (GIF) segment that acts as a lens 
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(called “Design B”). Such designs, are particularly useful for miniature probes used in biopsy-like 
applications where the OCT probe is in contact with the tissue. These types of probes have been 
well described in literature [127] [105] [128]. 
 
Figure 5-1: Overview of all-fiber lens designs. (a) Ball-tipped SMF. (b) GIF based lens. (c) Ball Lens. (d) Multi-
segment lens. 
Ball lens probes formed by first splicing a segment of CF to SMF and then melting the CF 
end to form a spherical tip; these designs are termed “Design C” lenses. Ball lens probes have also 
been described previously and have been applied a wide range of OCT application [89] [90] [113] 
[96] [114]. Finally, the novel design (“Design D”), which is a hybrid of designs B and C, is 
presented. It uses a segment of CF and GIF spliced to the SMF to compress the spot size of the 
beam emerging from the SMF. This is followed by a CF ball lens section that focuses the beam. 
This hybrid design can produce beams with longer working distance and larger depth of field than 
achievable by either design B or design C alone.  
5.2 Gaussian beam propagation and the ABCD modeling method 
The fiber probes are modeled as paraxial optical systems using the ABCD matrix 
formalism with the optical axis along the central axis of the probe [129]. Gaussian beam 
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propagation using the complex 𝑞𝑞-parameter is used to determine beam parameters such as the 
beam radius, working distance, and spot size [129].  
A Gaussian beam, with its waist at 𝑧𝑧 = 0 and a minimum beam radius of 𝑤𝑤0, has a beam 
radius at some position 𝑧𝑧 along the optical axis of 𝑤𝑤2(𝑧𝑧) = 𝑤𝑤02(1 + (𝑧𝑧/𝑧𝑧𝑅𝑅𝑛𝑛)2). Where 𝑧𝑧𝑅𝑅𝑛𝑛 =
𝜋𝜋𝑛𝑛𝑤𝑤02/𝜆𝜆0 = 𝑛𝑛𝑧𝑧𝑅𝑅 is the Rayleigh range in a medium with refractive index 𝑛𝑛, 𝜆𝜆0 is the wavelength 
of light in free space, and 𝑧𝑧𝑅𝑅 is the free-space Rayleigh range.  
The complex 𝑞𝑞 parameter 𝑞𝑞(𝑧𝑧) may be written either in terms of the distance from the 
beam waist (𝑧𝑧) and the Rayleigh range (𝑛𝑛𝑧𝑧𝑅𝑅) or in terms of the radius of curvature 𝑅𝑅(𝑧𝑧) and the 
beam radius 𝑤𝑤(𝑧𝑧), as: 









         (2)  
The ABCD matrix is a ray-transfer matrix for an optical system that relates the height and 
slope of the transmitted ray to the height and slope of the incident ray. Along with the complex 𝑞𝑞 
parameter, the ABCD model can be used to predict beam parameters at the output of an optical 
element if the input beam parameters are known. If 𝑞𝑞𝑖𝑖𝑛𝑛  and 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜  are the 𝑞𝑞  parameters of the 
incident and transmitted Gaussian beams at the input and output planes of a paraxial optical system 





By appropriately defining position of the output plane and by utilizing either (1) or (2), 
analytical expressions for the beam radius, working distance and focal spot size may be found 
using methods described in references [105] [130] [86] [131] and [132].  
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For all models presented, the input plane is set to be at the tip of the SMF where the 
Gaussian beam is assumed to have its waist. Therefore,  
𝑞𝑞𝑖𝑖𝑛𝑛 = 𝑞𝑞(0) = 𝑗𝑗𝜋𝜋𝑛𝑛𝑓𝑓𝑤𝑤0𝑓𝑓2 /𝜆𝜆0 = 𝑗𝑗𝑛𝑛𝑓𝑓𝑧𝑧𝑅𝑅 
Where 𝑛𝑛𝑓𝑓 is the refractive index of the SMF core and 2𝑤𝑤0𝑓𝑓 is the mode field diameter 
(MFD) of the SMF at 𝜆𝜆0. While the elements of the ABCD matrix will depend on the type of the 
fiber probe being considered and the location of the output plane, analytical expressions may be 
found in terms of 𝐴𝐴, 𝐵𝐵, 𝐶𝐶 and 𝐷𝐷 without knowing the exact form of each element.  
In a homogeneous output medium, expressions for the working distance (𝑊𝑊𝐷𝐷, the distance 
between the probe tip and the beam waist), and the spot size (𝑆𝑆𝑆𝑆, twice the beam radius at the 
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The beam radius at some distance 𝑧𝑧𝑚𝑚  from the probe tip in an output medium with 
refractive index 𝑛𝑛𝑚𝑚 can be determined by using (2) and positioning the output plane at distance 
𝑧𝑧𝑚𝑚 from the probe tip. The elements of the ABCD matrix are denoted by 𝐴𝐴′,𝐵𝐵′,𝐶𝐶′,𝐷𝐷′ for this 






                (5) 
Expressions (4) and (5) were simplified using 𝐴𝐴𝐷𝐷 − 𝐵𝐵𝐶𝐶 = 𝐴𝐴′𝐷𝐷′ − 𝐵𝐵′𝐶𝐶′ = 𝑛𝑛𝑓𝑓/𝑛𝑛𝑚𝑚 [133]. 
The two ABCD models are related as �𝐴𝐴′ 𝐵𝐵′
𝐶𝐶′ 𝐷𝐷′
� = �1 𝑧𝑧𝑚𝑚0 1 � �
𝐴𝐴 𝐵𝐵
𝐶𝐶 𝐷𝐷�, thus 𝐶𝐶 = 𝐶𝐶′ and 𝐷𝐷 = 𝐷𝐷′. The 
ABCD method is a commonly used approach to model OCT probes and several studies have 
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presented ABCD models and numerical analyses for various aspects of the probe designs, either 
with or without experimental results [86] [131] [132] [134] [135] [128] [136] [109] [108].  
In this chapter, the ABCD method and the equations above are used for the design of the 
four types of all-fiber lens designs described earlier. In the models presented here, the ABCD 
matrix for the GIF segment assumes that the beam is confined to the core of the GIF and that the 
core has a parabolic refractive index profile described by 𝑛𝑛(𝑟𝑟) ≈ 𝑛𝑛𝑔𝑔(1 − 𝑔𝑔2𝑟𝑟2/2), 𝑟𝑟 ≤ 𝑎𝑎𝑔𝑔, where 
𝑟𝑟 is the distance from the fiber center, 𝑛𝑛𝑔𝑔 is the refractive index along the central axis, 𝑔𝑔 is the 
gradient factor and 𝑎𝑎𝑔𝑔 is the core radius [129] [137]. If 𝑙𝑙𝑔𝑔 is the length of the GIF segment then 
the pitch is assumed to be defined as 𝑝𝑝𝑔𝑔 = 𝑔𝑔𝑙𝑙𝑔𝑔/(2𝜋𝜋). All other ABCD matrices are based on 
standard transfer matrices obtained by assuming paraxial propagation in homogeneous media 
[133]. Additionally, it is assumed that the radius of the spherical tip, for designs C and D, is the 
same in the 𝑥𝑥 and 𝑦𝑦 directions.  
Analytical expressions for the working distance (𝑊𝑊𝐷𝐷) and spot size (𝑆𝑆𝑆𝑆) for each model 
may be obtained by computing the values of 𝐴𝐴,𝐵𝐵,𝐶𝐶,𝐷𝐷 by multiplying the matrices for the ABCD 
models (shown later in this chapter in Figure 5-8, Figure 5-9, Figure 5-11, and Figure 5-14) and 
then by substitution in (3), (4). The resulting analytical expressions, which are independent of 𝑛𝑛𝑓𝑓, 
are rather unwieldy [131] [132] and are not presented here. Instead, contour plots of working 
distance and spot size were generated from the analytical expressions shown in (3) and (4) and 
used to determine the designs to fabricate and test (shown in Figure 5-9, Figure 5-11, Figure 5-14). 
The fabricated lenses were beam profiled and the measured beam diameters were compared against 




5.3 Polishing angle 
Endoscopic imaging of luminal organs, such as the airway, is best accomplished using a 
beam that emerges nearly perpendicular to the axis of the probe (a side-viewing beam). For designs 
A, C and D, a side-viewing beam may be obtained by polishing the spherical tip and utilizing total 
internal reflection to redirect the beam. In order to determine the optimal polishing angle, consider 
Figure 5-2 that shows a Gaussian beam originating at its waist in the CF and being incident on an 
interface between the CF and the medium that is at an angle 𝛼𝛼. Total internal reflection occurs if 
the beam incidence angle is greater than the critical angle 𝜃𝜃𝑐𝑐 = sin−1(𝑛𝑛𝑚𝑚/𝑛𝑛𝑠𝑠). 
 
Figure 5-2: Gaussian beam incident on an angle polished interface 
For a polishing angle 𝛼𝛼 , the angle of incidence for a ray along the central axis is 𝛼𝛼 . 
However, the angle of incidence for portions of the beam above the axis is less than 𝛼𝛼. If the 
distance between the beam waist and polished surface is much greater than the Rayleigh range, the 
divergence of a Gaussian beam may be characterized using the angle 𝜃𝜃 = 𝜆𝜆0/(𝜋𝜋𝑤𝑤0𝑛𝑛𝑠𝑠) [129].  
Thus, in order for all portions of the beam to satisfy the total internal reflection condition, 𝛼𝛼 − 𝜃𝜃 >
𝜃𝜃𝑐𝑐 or, 






                                     (6) 
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After reflection, the OCT beam emerges from the probe at an angle 𝛽𝛽 = 2(𝛼𝛼 − 𝜋𝜋/4). Both 
𝛼𝛼 and 𝛽𝛽 are measured perpendicular to the optic axis, as shown in Figure 5-2.  
The equation (6) was used to determine the optimal polishing angle for probes with designs 
C and D. The side-viewing probes, obtained after polishing at this angle, were found to have a 
single well-defined, undistorted, side-viewing beam that matched the forward-viewing beam 
profile closely.  
5.4 Methods and materials 
5.4.1 Fiber types and parameters 
The probes were designed to be compatible with the Thorlabs OCT system that operates at 
a nominal central wavelength of 1.3 µm [30].  The OCT system uses standard SMF-28 fiber with 
a 125 µm cladding and 9.2 µm MFD at 1.3 µm (SMF-28, Thorlabs Inc) for its sample and reference 
arms. Therefore, the beam radius at the tip of the SMF is 𝑤𝑤0𝑓𝑓 = 9.2/2 and although the exact 
value of the refractive index of the core (𝑛𝑛𝑓𝑓) is not important, it is assumed to be 𝑛𝑛𝑓𝑓 = 1.0036 ∗
𝑛𝑛𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑐𝑐𝑠𝑠. 𝑛𝑛𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑐𝑐𝑠𝑠 = 1.4469 is the refractive index of silica at 1.3 µm. The GIF has a 62.5 µm core 
and 125 µm cladding (GIF625, Thorlabs Inc.); the fiber parameters 𝑔𝑔 = 6.336 × 10−3𝜇𝜇𝑛𝑛−1 , 
𝑛𝑛𝑔𝑔 = 1.4761 [128] were found to yield ABCD predictions that matched reasonably well with the 
measured beam parameters of fabricated probes. The CF has a diameter of 125 µm and is made of 
pure silica (FG125LA, Thorlabs Inc.), therefore, 𝑛𝑛𝑠𝑠1 = 𝑛𝑛𝑠𝑠2 = 𝑛𝑛𝑠𝑠 = 𝑛𝑛𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑐𝑐𝑠𝑠.  
5.4.2 Fiber splicing  
Fitel S175 version2000 (Furukawa Electric Co.) field fusion splicer was the first system 
used for fusion splicing fibers. In this system, the fibers must be stripped, cleaved, and cleaned 
before being mounted on the fiber clamps for splicing. While different splice types (SMF-SMF, 
SMF-NCF and NCF-GIF) could be achieved using this splicer, the performance of this system was 
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subject to correct manual loading of the fibers- which takes time to perform correctly. This splicer 
also has a furnace that can be used to heat shrink splice-protection sleeves. The spliced segment 
of the fiber is extremely delicate and the splice-protection sleeves can help protect the junction 
against stresses caused by bending or twisting of the bare fiber section. The S175 was found to be 
unsuitable for the fabrication of the fiber lens types discussed here as it didn’t have the ability to 
achieve spliced sections of different fibers with precise lengths. 
 
Figure 5-3: Fusion splicers. (a) Fitel S175. (b) Vytran FFS2000 
The Vytran FFS2000 fiber workstation (Thorlabs Inc.) was found to be better suited for 
the manufacture of different types of all-fiber probes. This workstation can be used to strip, cleave 
and fusion splice different fiber elements required to form the fiber probes. It utilizes a tungsten 
filament-based fusion splicer with a high-magnification optical system, a thermo-mechanical 
stripper, a tension-scribe cleaver, and movable fiber holding blocks (FHBs) to perform different 
operations. This level of system integration allows for very precise geometrical tolerances and very 
repeatable performance when splicing fibers.  
The process of splicing fibers together starts by first mounting the fibers on the left and 
right FHBs and stripping the coating using the stripper at the cleaving station. It was found that 
while the coating for SMF and GIF could be directly stripped, the CF needed to be soaked in 
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acetone for 60s to achieve consistent stripping without increasing the heating current to the stripper. 
Following stripping, the fibers were cleaved using the cleaver at the cleaving station. The cleaved 
fiber ends were then cleaned in the ultrasonic isopropyl bath before being transferred to the splicing 
station. The splicing operation is automatic and is performed by heating a tungsten filament and 
pushing the fiber tips together under a constant flow of Argon. The existing script files were 
modified to obtain the addition soaking time for CF and also to remove the heat polishing and 
tension operations at the end of a regular splice. 
  In order to cleave at a specific distance from the splice point, the following procedure is 
employed using only the left FHB. The splice point was found to be approximately 610 to 615 µm 
from the cleave point, i.e., if the left FHB is transferred to the cleaving station after a splice (with 
the right portion unclamped from the right FHB before transfer) and cleaved, the resulting fiber 
will have approximately 610 µm of fiber to the right the splice junction.  
To cleave at a specified distance from the splice junction, the relative position of the fiber 
on the FHB must be modified before transferring it to the cleaving station. For instance, to achieve 
a 275 µm section of CF spliced to a SMF, the SMF is first spliced to the CF by using the left FHB 
to hold the SMF. After splicing, the left FHB is unclamped and the right FHB is used to pull the 
fiber to the right by 335 µm. Then, the left FHB is clamped, the right FHB is unclamped and the 
left FHB is transferred to the cleaving station. The cleaver lid is closed and the tension dial (and 
not the FHB lever) is used to apply tension for the cleaving process. The tension required for the 
cleave is applied by using three counter-clockwise rotations of the tension dial (shown in Figure 
5-3(b)).  
For lengths greater than 610 µm, the fiber must be moved to the left relative to the splice 
point. The left and right FHBs have a total travel length of ~1700 µm (from position -400 to 1300). 
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Therefore, to achieve much larger cleave lengths, the fiber has to be moved in several steps; for 
e.g., to the left by 1500 followed by clamping the right FHB, unclamping the left FHB, and 
resetting its position, before clamping and moving the fiber to the left again. The accuracy of the 
cleaved length depended on the number of moves and had to be determined empirically for each 
desired length. Once the move distances were determined, the process was mostly repeatable and 
accuracies better than ± 50 µm could be achieved. 
5.4.3 Measurements 
The high magnification imaging of the FFS2000 fiber workstation was also used to acquire 
images of the probes at various stages of the fabrication process. The workstation’s imaging system 
has a field of view of 480×360 µm and the saved images are 1032×776 pixels. Therefore, a constant 
factor of 2.15 was used to convert measurements in pixels to microns. The splice head can move 
from 0 to 7250 µm and the splice head motion can be used to measure fiber segment lengths that 
exceed the screen width. This is achieved by aligning the on-screen markers with the splice point 
and then moving the splice head by known distances until another feature on the fiber can be found. 
The focus level was kept approximately the same to ensure consistency between images acquired 
for different probes. Multiple images were acquired and stitched based on landmarks to assemble 
the full probe images shown in the results section. The stitched images were used to measure the 
dimensions of the various probe segments. The diameter of the spherical tip was measured by 
manually drawing a best fitting circle, other linear dimensions were measured using a straight line 
between visible fiber features such as splice joints or the SMF core tip.  
While comparing predicted and measured results for some initial design C probes, it was 
found that the measurement method of using a manual best-fit circle overestimated the radius of 
the ball tip,  𝑟𝑟𝑏𝑏, by ~5 µm. Thus, for design C probes, the measured value of 𝑟𝑟𝑏𝑏 was decreased by 
5 µm and the measured value of 𝑙𝑙𝑠𝑠 was increased 10 µm, such that the overall length of the CF 
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segment (𝑙𝑙𝑠𝑠2) retained its measured value (see Figure 5-1(c)). The degree of agreement between 
the measured beam profile and the ABCD prediction, as determined using the RMSE metric, was 
significantly improved after applying these corrections to the measured value of 𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏. In the 
case of design D, owing to the faster diverging nature of the beam, the measured value of 𝑟𝑟𝑏𝑏 was 
decreased by 10 µm and 𝑙𝑙𝑠𝑠 was increased by 20 µm to keep the measured value of 𝑙𝑙𝑠𝑠2 (see Figure 
5-1(d)). These corrections resulted in a reasonable agreement between the ABCD predictions and 
the measured beam profiles for design D probes. All segment lengths reported in the following 
sections (except in section 5.8) are after these corrections. 
5.4.4 Ball lensing 
 A dedicated ball lensing system, 3SAE BLS (3SAE Technologies Inc.), was used to melt 
the fiber and form spherical tips [138].  Previously reported OCT studies, that used ball lens based 
probes, typically used a fusion splicer to form the ball tipped CF segments [113] [96] [99] [114]. 
Ball diameters as large as ~300 µm have been reported. The maximum size of a ball tip that can 
be formed using a fusion splicer was most likely limited by the geometry of the fusion splicer, 
which is often designed to splice fibers with small diameters.  
The process described here makes use of a dedicated ball lensing machine, in which plasma 
is generated using arc discharge between three electrodes and the fiber is held vertically with its 
tip below the plane of the plasma. This setup allows for much larger balls to be formed than 
possible with conventional fusion splicers. Heat is transferred to the fiber tip by radiation and 
convection [138] and the molten glass naturally forms a sphere due to surface tension. 
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Figure 5-4: Ball Lensing system. (a) Image of the Ball lensing system. (b) Image of a design D probe depicting the 
ball shaped tip and the GIF section. 
In order to form a spherical tip, the cleaved fiber, held on a fiber clamp, was transferred to 
the ball lensing system, and positioned vertically as shown in Figure 5-4(a). The BLS system 
features automated scripts that can be used to form ball tipped fibers of various dimensions. In 
these scripts, a combination of fiber vertical motion, fiber rotation and long arc discharges are used 
to form tips with a pre-determined diameter. However, these scripts were not utilized for the 
fabrication of the ball lenses described here for a variety of reasons. First, it was found that the 
automated system for ball size measurement did not work for ball diameters greater than ~350 µm 
formed on a 125 µm fiber. In order to measure larger ball diameters, the ball tip had to be moved 
to either the very top or the very bottom of the displayed region. Second, the fiber rotation was 
found to be unnecessary to form uniform spherical tips. Finally, the automated process for forming 
ball tips was found to be not optimal enough as it would often perform arc discharges with the tip 
held in incorrect positions. 
In order to form ball tips manually, the fiber tip was held at 750 µm below the top of the 
displayed region. As each grid element displayed on the screen is 250×250 µm (Figure 5-4(b)), 
the fiber tip was positioned 3 units from the top. This ensured that the tip was always outside the 
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path of the arc discharge and was never directly heated. Next, a short ~ 3s arc discharge was made 
with the fiber kept stationary to melt the tip. The diameter of the resulting spherical tip was 
measured and the arc discharge was repeated after moving the fiber tip back to the starting position 
to increase the ball size. These steps were repeated manually until the desired ball diameter was 
obtained. Smaller adjustments to the ball diameter were performed by positioning the tip farther 
away from the electrodes. These operations were performed using the “Engineering” tab on the 
BLS program. 
The magnification on the BLS system is not adequate to visualize the splice between an 
SMF and a CF. However, a section of GIF can be readily discerned, as seen in Figure 5-4(b). Since 
the splice between SMF and CF cannot be seen, it was necessary to pre-calculate the length of the 
CF after the splice and cleave accurately with the fiber workstation before transferring the fiber to 
the ball lensing system. The following empirical relation was found to be useful in determining 





Where 𝑟𝑟𝑏𝑏  is the desired radius of the ball lens, 𝑙𝑙𝑠𝑠  is the desired length of the straight 
segment of the CF spacer, and 𝑚𝑚 is an empirically determined constant that was found to vary 
between 1.3 and 1.4. The measurement of the ball diameter on the BLS was found to be ~13 µm 
greater than the diameter measured with the fiber workstation using the best-fit circle method.  
As the ball tip is built gradually over several arc discharges, larger diameter ball lenses 
require significantly more steps. As an example, it took 4 steps to form a ~335 µm ball tip, but 20 
steps to form a ~450 µm diameter ball tip. The amount of glass melted in each step is also not 
constant and can vary based on the position of the fiber tip, the condition and age of the electrodes. 
Therefore, it was found to be important to verify the ball diameters after each step.  Ball lens tips 
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with diameters as large as 575 µm could be built on a 125 µm fiber with this process. Thus, the 
process for forming ball-tipped fibers described here can produce larger diameter spherical tips 
than any process reported in literature thus far. 
5.4.5 Angle polishing 
A side looking beam was produced by angle polishing the spherical tips on designs C and 
D probes and utilizing total internal reflection as described in section 5.3. The polishing angle was 
estimated using the equation (6), assuming the wavelength to be 1.36 µm (the longest wavelength 
for a swept laser source with a sweep range of ~120 nm [30]). For design C, the polishing angle 
relation was found to be 𝛼𝛼 > 47.5° assuming 𝑤𝑤0 = 9.2/2 𝜇𝜇𝑚𝑚; for design D, the relation was 𝛼𝛼 >
51.90 assuming 𝑤𝑤0 = 4.2/2 𝜇𝜇𝑚𝑚 after the CF-GIF segment. Thus, the polishing angle was chosen 
to be 48° for design C and 52° for design D. These polishing angles would result in a beam exit 
angle (𝛽𝛽) of 6° or 14° respectively.  
The angle polishing process was developed with significant trial and error using two 
polishing machines. The first several polishing trials were performed on a Nanopol Polishing 
machine (Ultratec Manufacturing Inc.), shown in Figure 5-4(a). The ball tipped fiber was inserted 
into an angle-ground ceramic ferrule and held with a dedicated work holder. A 2.5 mm ferrule 
with either 270, 340 or 440 micron bore was used, depending on the ball tip size, to adequately 
support the ball tip without the use of a mounting polymer.  
The Nanopol has an analog angle indicator and a mast with a 5 micron vertical motion 
accuracy. In order to improve the reliability of the polishing process a multimeter connected 
between the moving spindle and the stationary yoke was used. To polish a specified amount of 
glass, the ball tip was first moved until it made contact with the polishing film. The multimeter 
shows an open contact when the ball tip touches the polishing surface and this observation allowed 
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for the correct initial positioning of the ball tip each time. The ball was then lowered by a pre-
determined value in multiple stages to achieve 50% polish. The rotation of the polishing film was 
started and polishing was performed until the multimeter detected a short circuit. Water was 
sprayed intermittently during the polishing and polishing was performed in stages using polishing 
films with grit sizes of 6, 3 and 1 micron. After polishing a certain amount of glass, the grit on the 
polishing film would wear out. Therefore, the section of each type of film being used had to be 
changed frequently by varying the mast orientation and position on the base. In order to make any 
of these modifications, the work holder had to be lifted up and repositioned to continue the 
polishing process.  
The combination of the limited accuracy of the mast motion, the need for frequent 
repositioning, and the mounting of the ball tip on the ferrule without additional support meant that 
the polishing could be achieved without breaking the ball tip only about 30% of the time. Even in 
cases where the polishing was completed to the correct extent, the polished surface frequently had 
scratches and the quality of the beam produced was poor.  
In order to overcome these limitations, a better version of the angle polishing system 
(Ultrapol, Ultratec Manufacturing Inc.) was procured; this machine is shown in Figure 5-5(b). The 
Ultrapol polishing machine has a more accurate digital angle gauge, a mast with a 1 micron 
movement resolution, a larger polishing disc, and a motorized oscillatory motion to vary the 
position of the work piece over the polishing disc. It was possible to achieve correctly polished 
ball tips using this machine and a modified polishing approach.  
In the new process, the probe was mounted on the same fiber holder as before, with an 
angled ferrule at its tip as before, but held firmly using a mounting adhesive. Paraffin wax, 
Crystalbond 555 (Ted Pella Inc.), Crystalbond 509 (Ted Pella Inc.), and Quick Stick 135 (Electron 
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Microscopy Sciences) were tested as possible mounting adhesives. Crystalbond 509 adhesive 
polymer was finally chosen to mount the ball tipped fiber on the ferrule as it was found to leave 
the least amount of residue after dissolving in acetone, while providing adequate holding strength. 
The mounting polymer served to support the fragile ball tip during polishing.  
Angle polishing was performed by polishing 50% of the spherical tip in stages under a 
slow, steady trickle of water. First a 6 micron diamond film was used to remove most of the glass, 
followed by polishing with 1 and 0.5 micron diamond lapping films to obtain a smooth polished 
surface. The motorized oscillatory motion can be used to move the sample continuously to 
different positions on the polishing film to spread out the film wear. However, this motion was 
used only occasionally. The sample was kept mostly fixed during each step and was moved to a 
new polishing location on each of the 6, 1 or 0.5 micron films only when needed, after pausing the 
polishing. The Ultrapol also has an end of polish indicator on the front panel and a very sensitive 
angle gauge; therefore, the multimeter was not used to detect contact between the fiber tip and the 
polishing surface. 
Figure 5-5(c) shows the mounted ball tip on the ferrule and Figure 5-5(d) shows the tip at 
the end of the polish. These images were acquired with a stereo microscope and inspection with 
the stereo microscope allowed for a quick assessment of the quality of the polished surface. After 
polishing, the probe was unmounted by dissolving the polymer in acetone, and then cleaned by 
immersion in acetone, followed by immersion in an ultrasonic isopropyl bath on the fiber 
workstation. The polished ball tip was then inspected under high magnification with the FFS2000 
fiber workstation. Representative images acquired with the workstation are shown in Figure 5-5(e), 
(f) and (g). The fiber was rotated manually and different focus levels were used to inspect the 
polished surface and the curved face of the lens. Polishing results that resembled either Figure 
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5-5(f) or (g) were considered to be a success and were used subsequently for further testing and 
characterization.  
 
Figure 5-5: Angle polishing. (a) Ultratec Nanopol with a multimeter attached to detect end of polishing. (b) Ultratec 
Ultrapol set to polish at 52°. (c) Ball tipped fiber mounted on an angle polished ferrule in the work holder. (d) Ball 
tip after polishing. (e) Scratched polished surface- red arrow points to a scratch. (f) Polished surface with a slight 
scratch (red arrow). (g) Correctly polished surface. 
The angle polishing process, as described here, was robust and produced a single, well-
defined, beam by total internal reflection alone. A correctly polished, side viewing probe could be 
obtained in ~80% of the attempts. However, the total internal reflection condition can be hampered 
by several factors and this makes the angle polishing process the most challenging aspect of the 
entire fabrication procedure.  
The first factor is the nature of the polish itself. There are two independent aspects that can 
be controlled during the polishing process: the angle of the polish and the extent of the ball tip that 
is polished. The angle of polish determined using equation (6) was used to ensure that all portions 
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of the beam satisfy the total internal reflection condition at the polished face. Half of the ball tip is 
removed by the polishing process, i.e., the amount of glass that is ground is equal to 𝑟𝑟𝑏𝑏, to ensure 
that the forward and side-viewing profiles match. An incorrect polishing angle causes a portion of 
the incident beam power to not meet the total internal reflection condition and leak in the form of 
an unfocussed side beam. Polishing significantly less than 50% or significantly more than 50% of 
the ball tip can also result in distorted side beams. The second factor is the quality of the polished 
surface, any imperfections of the polished surface, such as scratches from the polishing process 
(for example as shown on Figure 5-5(e)), will cause the resulting side-viewing beam to be distorted. 
Any dirt or debris on the polished surface that is left behind after cleaning, will cause the total 
internal reflection condition to fail and also result in leaked light. A combination of these effects 
is also possible.  
A few of these issues are illustrated in Figure 5-6 with angle polished design C probes.  
Figure 5-6(a) shows a probe polished at 48°, but before cleaning in the isopropyl bath. The leaked 
light from this probe forms a diffuse, dull side beam (blue arrowhead) in addition to the primary 
beam (orange arrowhead). The impact of polishing significantly less than 50% of the ball tip is 
illustrated in Figure 5-6(b). In this case only 150 µm of a 𝑟𝑟𝑏𝑏= 215 µm probe was polished, which 
produced another side beam, in addition to the leaked diffuse beam. In a probe with the correct 
polishing angle and extent, the proportion of power in the leaked light beam, due to dirt or slight 
imperfections of the polished face, is typically less than 1%. However, this proportion can increase 
if the polishing angle is incorrect. Figure 5-6(c) shows a ball lens probe that was polished to 50%, 




Figure 5-6: Beam artifacts produced by incorrect angle polishing, illustrated using design C probes. (a) Picture of a 
beam produced by a probe polished at the correct angle but with dirt or debris on the polished face; (b) Beam 
produced by a probe that was polished at the correct angle but the extent of polish was less than 50%; (c) Beam from 
a probe polished at 46° instead of the correct 48° angle; (d) OCT image of an excised pig trachea acquired using the 
probe shown in part (c). On images (a), (b) and (c), the white arrowhead indicates the probe tip, the orange 
arrowhead shows the primary beam and the blue arrowheads indicate leaked side beams. 
The following observations were found to be useful in troubleshooting the polishing 
process. A distorted main beam was most likely caused by an imperfect polished surface or debris 
on the curved face of the ball tip. A large proportion of power in the leaked beam typically 
indicated that the polishing angle was incorrect. An incorrect beam exit angle could be caused by 
an incorrect degree of polish, an incorrect polishing angle, or a combination of the two. A relative 
tilt between the polished face and the axis of the fiber could introduce beam astigmatism, which is 
another factor that must be considered during the polishing process. 
However, for anatomical imaging of the large airways, OCT images seems to be mostly 
unaffected by even large imperfections of the imaging beam. Figure 5-6(d) shows the OCT image 
of an excised pig trachea acquired with the probe shown in Figure 5-6(c) with the large amount of 
power in the leaked side beam. Visually, no obvious artifacts are noticeable, except for the radial 
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stripes, which are most likely caused as a result of specular reflections from the lumen being 
coupled back into the probe, as the polishing angle was close to 45°.  
5.4.6 Beam profiling 
The beam profiles from the fabricated probes were experimentally measured to evaluate 
the agreement between the measured beam parameters and the ABCD model predictions. The 
knife-edge method was the first approach tried to measure the beam profile of the fabricated probes. 
Power measured without any beam obstruction was first noted (𝑃𝑃0). A knife edge was then moved 
into the beam and edge positions that caused 10% and 90% reduction in the measured power were 
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direction may be computed as 𝑤𝑤𝑥𝑥 = 0.780304(𝑥𝑥10% − 𝑥𝑥90%) . These operations can then be 
repeated along another orthogonal direction to obtain 𝑤𝑤𝑦𝑦. By measuring 𝑤𝑤𝑥𝑥 and 𝑤𝑤𝑦𝑦 at different 𝑧𝑧 
positions, the full beam profile may be obtained and the beam parameters such as the working 
distance and the spot size can be found by Gaussian curve fitting. This procedure was found to be 
cumbersome and impractical for the measurement of a large number of beam profiles. Therefore, 
a scanning slit beam profiler was procured.  
Beam profile measurements reported in this chapter were measured with the Nanoscan Ge/ 
9/ 5µm (Ophir-Spiricon LLC) scanning slit beam profiler mounted on a micrometer stage. A fiber 
coupled laser diode with a center wavelength of ~1.3 µm, linewidth < 0.03 nm (Optogear LLC) 
was used as the source. Fiber probes were terminated using a temporary FC connector in order to 
perform the beam profile measurements. Forward-viewing probe tips were held using a fiber clamp 
as shown in Figure 5-7(a). Beam profiling of side-looking probes was performed by mounting the 
bare fiber probe in a fiber chuck, which was held in a rotation mount positioned on a micrometer 
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stage to allow precise positioning of the probe tip with respect to the beam profiler’s input window 
(also shown in  Figure 5-7(a)). For measuring the beam profile with the sheath, a small piece of 
the sheath was used, as shown in Figure 5-7(b).  
 
Figure 5-7: Beam profiling and OCT image acquisition. (a) Beam profiling setup for forward and side viewing 
probes. (b) Setup for measurement with a sheath. (c) OCT image acquisition setup. 
The input window of the beam profiler was covered with a 0.16 mm thickness cover slip 
for protection, the window and the coverslip cover can be seen in Figure 5-7(b). At the start of the 
measurements, the probe tip was positioned approximately at the center of the beam profiler’s 9 
mm entrance aperture and touching the cover slip (for measurements made without the sheath). 
This setup ensured that the first measurement was made at 1.28 mm from the beam profiler’s 
measurement plane. For measurements with the sheath, the fiber chuck surface was touching the 
cover slip and the first measurement position was 4.45 mm from the measurement plane due to the 
use of the setup shown in Figure 5-7(b). The correct beam alignment was verified by inspecting 
the shape of the beam and the position of the beam centroid as the distance between the probe tip 
and the beam profiler was varied. In general, for forward viewing probes, the probes could be 
118 
positioned such that the centroid positions varied by less than 100 microns over the ~ 12 mm 
translation distance. In the case of side-viewing probes, the positing was less accurate - the centroid 
positions in this case varied by up to 3000 microns. In all cases, it was ensured that the beam was 
within the entrance aperture over the entire measurement range, to avoid clipping or edge effects.    
Measurements were made every 500 µm or 1 mm over approximately 12 mm. The 
measured slit intensity measurements and the calculated beam parameters, at each position, were 
written to text files and analyzed using a Matlab script. The beam profiler was set to automatically 
adjust the region of interest, filter frequency and gain; only the source power was modified to 
compensate for coupling differences at the fiber connector for different probes. The reported beam 
diameters in the results section are the 13.5% (1/𝑒𝑒2) widths calculated by the beam profiler in the 
two orthogonal directions. The slit intensity measurements recorded by the beam profiler were 
interpolated to obtain the two-dimensional beam intensity profiles in the 𝑥𝑥𝑥𝑥, 𝑥𝑥𝑧𝑧 and 𝑥𝑥𝑧𝑧 planes.  
5.4.7 OCT image acquisition 
Since the probes fabricated using this process were never enclosed in a drive-shaft, they 
could not be rotated to acquire OCT images. Instead, OCT images were acquired by rotating the 
sample as shown in Figure 5-7(c). The fiber probes terminated with the temporary FC connector 
were used in the sample arm of the Thorlabs OCT system and the interferometer path lengths were 
modified to accommodate the length of the probe. The tip of the fiber probe was positioned within 
the sample and the sample was rotated at 20 Hz while the OCT acquisitions were performed in the 
usual manner. 
5.5 Results and discussion 
5.5.1 Design A: Ball-tipped SMF 
Design A consists of a cleaved SMF fiber tip melted to form a spherical end and 
subsequently angle polished to form a side-viewing probe. The equivalent representation of this 
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design and the ABCD model are shown in Figure 5-8(c). In this type of probe, a limited range of 
beam profiles may be produced by varying the radius of the spherical tip (𝑟𝑟𝑏𝑏). Figure 5-8(d)-(f) 
show representative results for ball-tipped SMF probes and the comparison of the beam profile 
produced by an angle-polished SMF probe to that of a cleaved SMF.  
 
Figure 5-8: Spherical tip SMF probe. (a) Schematic of a forward-viewing probe. (b) Angle polished, side-viewing 
probe. (c) Equivalent model of the side-viewing probe and the ABCD model. (d) Images of a ball-tipped SMF 
acquired with the FFS2000 (top) and acquired using a differential interference contrast microscope with immersion 
in a refractive index matching fluid. (e) Angle polished, 486 micron diameter SMF probe. (f) Measured and ABCD 
predicted beam profiles for a simple cleaved fiber tip (blue) and probe shown in part (e) (orange). BD: beam 
diameter, MFD: Mode Field Diameter. All scale bars are 100 µm.  
Figure 5-8(d) show images of a forward-viewing, spherical-tipped SMF probe with 𝑟𝑟𝑏𝑏=150 
µm acquired to investigate the SMF core shape within the melted spherical tip. The top image in 
Figure 5-8(d) was acquired using the fiber workstation and the bottom image was obtained using 
a phase contrast microscope after immersing the probe in a refractive index matching oil to remove 
reflections from the fiber surfaces. While both images depict an expanded core, the true nature of 
the core shape is probably different from that seen on the images due to the lensing effect of the 
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surrounding spherical tip. However, it can be seen that the core distribution is symmetrical, most 
likely owing to the vertical fiber orientation during the melting process [139]. 
The image of an angle polished, 486 µm diameter SMF tipped fiber is shown in Figure 
5-8(e). Figure 5-8(f) shows the predicted and measured beam diameters of a cleaved SMF and the 
probe shown in Figure 5-8(e). The measured beam diameters from the beam profiler in the 𝑥𝑥 and 
𝑥𝑥 directions are marked with a square and a triangle respectively, while the ABCD predicted beam 
diameters are shown with solid curves. The blue markers show beam diameter measurements from 
a cleaved fiber and the blue curve indicates predictions from the ABCD model shown in Figure 
5-8(c), with 𝑙𝑙𝑠𝑠2 = 0, 𝑟𝑟𝑏𝑏 = ∞ and MFD of 9.2 µm.  The yellow curve shows the predicted results 
for the probe image shown in Figure 5-8(e), from the same ABCD model with 𝑙𝑙𝑠𝑠2 = 243, 𝑟𝑟𝑏𝑏 =
243 and the MFD assumed to be 9.2 µm. The orange markers show the measured beam profile for 
the probe shown in Figure 5-8(e). The orange curve is the ABCD prediction with 𝑙𝑙𝑠𝑠2 = 243, 𝑟𝑟𝑏𝑏 =
243. but using an MFD of 20.8 µm.  
From these results it can be noted that the ABCD model which assumes the beam diameter 
at the tip of the SMF to be 9.2 µm predicts the beam profile of the cleaved SMF correctly, but fails 
to predict the beam profile from the side-viewing probe shown in Figure 5-8(e). The MFD value 
of 20.8 µm, required to correctly predict the beam profile of the 486 µm, side-viewing SMF probe, 
was determined iteratively by minimizing the RMSE metric. This increased value of MFD is most 
likely due to the SMF core undergoing thermal expansion during the formation of the spherical tip. 
It is also not certain that the ABCD model shown in Figure 5-8(c) is an appropriate model to 
analyze this type of probe. 
Probes based on this design produce a beam that diverges rapidly. The beam diameter for 
the probe shown in Figure 5-8(e) is approximately 800 µm at 12 mm from the probe surface. 
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However, even though the beam profile of such a probe is diverging, it has considerably less 
divergence than the beam produced by the cleaved SMF. Beam profiles from ball tipped SMF 
probes with other values of 𝑟𝑟𝑏𝑏 are not shown as the spherical tip diameter was found to have only 
a minimal impact on the beam profile for 𝑟𝑟𝑏𝑏 greater than ~200 µm.  
Nevertheless, the beam profiles produced by angle-polished, ball-tipped, SMF fibers are 
not ideal for OCT imaging of the large airways due to their rapidly diverging nature. Such beams 
are expected to result in a large sensitivity roll-off and poor transverse resolution. Therefore, design 
A probes are not discussed further.   
5.5.2 Design B: GIF lens 
The second design (design B) consists of an initial segment of CF (𝑙𝑙𝑠𝑠1) spliced to the SMF 
that acts as a beam expander. The following GIF segment with length 𝑙𝑙𝑔𝑔 functions as a lens to 
focus the beam (see Figure 5-9(a)). In principle, the lengths of the CF and GIF segments may be 
tuned to obtain a range of output beam profiles in a method similar to that used with bulk optic 
GRIN lenses designs [131]. However, such probes, when fabricated from commercially available 
GIF [127] [88] [128], typically produce beams with short working distances and small spot sizes 
that are not ideal for large airway imaging. However, by appropriate selection of the segment 
lengths, design B can be used to produce beams with a spot size smaller than the MFD of the SMF. 
This idea is employed in design D to expand the range of beam profiles obtainable from all-fiber 
probes.  
A side-viewing probe with this design may be obtained by splicing a short section of CF 
after the GIF segment and angle polishing it, as shown in Figure 5-9(b). However, only forward 
viewing model of this type of design (shown in the Figure 5-9(c)), is analyzed here, as the short 
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working distance, side-viewing probes, produced by this design, are not directly suitable for large 
airway imaging. 
If the fiber parameters (𝑤𝑤0𝑓𝑓,𝑔𝑔,𝑛𝑛𝑔𝑔 etc.) are assumed to be fixed, the expressions for 𝑊𝑊𝑊𝑊 
and 𝑆𝑆𝑆𝑆 are a function of only 𝑙𝑙𝑠𝑠1 and 𝑙𝑙𝑔𝑔 (or equivalently, the pitch 𝑝𝑝𝑔𝑔 = 𝑔𝑔𝑙𝑙𝑔𝑔/(2𝜋𝜋)). Therefore, the 
relation between the probe segment lengths and the resulting beam profiles may be visualized as 
contour plots of working distance and spot size shown in Figure 5-9(d) and (e). These plots make 
use of fiber parameters specified in section 5.4.1. The contours of the stationary points of these 
two-dimensional surfaces, which are also shown on the figures, may be found by computing the 
partial derivatives with respect to 𝑙𝑙𝑠𝑠1 and equating them to zero. 
Owing to the periodic nature of the beam trajectory in a graded index medium with a 
parabolic index profile, only GIF segments with 𝑝𝑝𝑔𝑔 ≤ 0.5 need to be analyzed to determine the 
beam profiles achievable on Figure 5-9(d) and (e). The maximum length of the CF segment is 
selected to ensure that the beam remains confined to the 62.5 µm core in the subsequent GIF 
segment. This maximum CF segment length was found to be ~473 µm and therefore the limits for 
𝑙𝑙𝑠𝑠1 are chosen to be 0 and 500 µm on Figure 5-9(d) and (e). 
The contour of the maximum working distance (shown by the dashed curve in Figure 
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The maximum spot size is achieved by designs that fulfil the following relation (shown by 






It can be noted that the contours of the maximum working distance and maximum spot size 
are parallel to each other. 
 
Figure 5-9: GIF probe model. (a) Forward-viewing probe. (b) Side-viewing probe. (c) ABCD model for the forward-
viewing case. (d) Contour plot of the working distance as a function of the pitch 𝑝𝑝𝑔𝑔 = 𝑔𝑔𝑙𝑙𝑔𝑔/(2𝜋𝜋), and length of the 
spacer 𝑙𝑙𝑠𝑠1. (e) Contour plot of the spot size as a function of the pitch and length of the spacer. The empty diamonds 
depict the designs that were fabricated and tested. 
The primary reason for analyzing design B probes here is to utilize this design to compress 
the spot size for the hybrid probe presented later. Thus, the contour of the minimum spot size is of 
greater interest. This is indicated by the dash-dotted line on the spot size contour plot (Figure 
5-9(e)) and is given by, 
𝑙𝑙𝑠𝑠1 =






The diamond markers on Figure 5-9(d) and (e) indicate the different probe designs that 
were fabricated and tested. Probes with only CF (𝑙𝑙𝑔𝑔 = 0) or only GIF (𝑙𝑙𝑠𝑠1 = 0) segments were 
124 
also fabricated and tested to verify the fiber parameters utilized for the ABCD simulations. Figure 
5-9(d) also shows that the maximum achievable working distance with this design, while using the 
fibers specified in section 5.4.1, is ~1.3 mm. 
Two sets of representative results for design B are shown in Figure 5-10. One set of probes 
were designed to achieve the maximum possible working distances while the probe segment 
lengths for the other set of designs were chosen to obtain a compressed spot size at the probe tip. 
Figure 5-10(a) shows the image of a probe with a working distance of 0.445 mm. The measured 
beam diameters and ABCD model predicted beam profile for this probe are shown as plot T in 
Figure 5-10(c). Figure 5-10(b) shows the image of the probe that functions as a spot size 
compressor with a spot size of 4 µm and a working distance of ~0 mm. The measured beam profile 
and ABCD model predictions for this probe are shown as plot U in Figure 5-10(c). 
 Figure 5-10(c) depicts measured and predicted beam profiles for two designs (plots S, T) 
with working distances of 0.445 and 1.089 mm and two designs (plots U, V) that have a working 
distance close to 0 and a spot size of ~4 µm. A longer spacer segment allows greater expansion of 
the beam that fills a greater portion of the GIF core. The probes that produced plots S and T used 
different lengths of the CF segment (453 vs 273 µm), which resulted in a different proportion of 
the GIF core being filled (96.3% vs 63.8%). Same is the case with the pair of plots marked U, V; 
U uses a 289 µm spacer leading to a 66.5% fill, while V uses a 454 µm spacer for a 96.4% fill. 
The inset in Figure 5-10(c) shows an enlarged view of the predicted beam profile within the probe. 
The dashed, vertical, colored lines indicate the boundaries of the CF and the GIF segments for the 
four probes, while the black, horizontal, dashed line marks the size of the GIF core. Plots marked 
T and U fill less of the GIF core than plots marked S and V. It can also be seen that the beam waist 
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locations for probes U, V are very close to the probe tip and the waist sizes are less than the MFD 
of the SMF (the starting beam diameter on the plots). 
The measured beam profiles from all the fabricated probes of design B (indicated by 
diamonds on Figure 5-9(d), (e)) were compared to the predictions from the ABCD model shown 
in Figure 5-9(c) using the RMSE metric. The ABCD models were constructed using the measured 
lengths of the CF and GIF sections, and the fiber parameters 𝑔𝑔,𝑛𝑛𝑔𝑔,𝑛𝑛𝑠𝑠 specified in the section 5.4.1. 
In general, the ABCD predictions were found to be in reasonable agreement with the measured 
beam profiles.  
It was found that the accuracy of the ABCD predictions was lower when the fill factor of 
the GIF increased. This can be seen by comparing plot S against T and plot U against V in Figure 
5-10(c). The degree of agreement between the measured beam diameters and the ABCD 
predictions is visibly worse for plot S as compared to plot T and for plot V as compared to plot U. 
This phenomenon was predicted by Lorenser et al., [128] based on beam propagation method 
(BPM) simulations, and the results reported here constitute experimental confirmation of this 
effect. 
Additionally, it was also found that the accuracy of the ABCD prediction was worse when 
longer lengths of GIF were used. This can be seen by comparing plot T (𝑙𝑙𝑔𝑔=90 µm) with plot U 
(𝑙𝑙𝑔𝑔=301 µm) in Figure 5-10(c). Plot T results agree better with the ABCD predictions as compared 
to plot U. Nevertheless, a longer GIF section is necessary to achieve spot sizes smaller than the 
SMF MFD. 
Based on these considerations, the CF segment length for the hybrid design D lens was 
chosen to be 272 µm to achieve a GIF fill factor of ~2/𝜋𝜋 and thus ensure a better match between 
the predicted and measured beam profiles. The GIF segment length was chosen to be 326 µm. 
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These target 𝑙𝑙𝑠𝑠1 and 𝑙𝑙𝑔𝑔 lengths achieve a compressed spot size of ~4.4 µm at the input face of the 
second CF segment ( 𝑙𝑙𝑠𝑠2) in the hybrid lens. Due to refractive effects of the GIF segment and the 
long GIF segment length, the ABCD predictions for design D are not expected to be as good as 
that for the probes based on design C that do not utilize a GIF section.  
 
Figure 5-10: GIF probe results. (a) Image of a probe with the profile shown as T in the plots. (b) Image of a probe 
with a longer segment of GIF fiber used to compress the spot size; results shown as plot U in part (c). (c) Measured 
and ABCD predicted beam profiles for four probes. Designs S, T yield short working distance beams and designs U, 
V achieve a spot size smaller than 9.2 µm at the probe exit surface. The inset with the dotted outline is a zoomed in 
view of the portion of the curve shown in part (c). BD: beam diameter, WD: working distance, SS: spot size. All 
scale bars are 100 µm. 
In conclusion, for design B probes, the fiber parameters used for ABCD simulation were 
verified by the comparing ABCD predictions for a range of designs against beam profiles 
measured from fabricated probes. A forward-viewing probe with working distance of ~1.1 mm 
and a spot size of ~40 µm was demonstrated. This design approach was extended to obtain beams 
with spot sizes smaller than the SMF MFD at the GIF tip for use with design D. A spot size as 
small as 4 µm could be achieved. 
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5.5.3 Design C: Ball lens 
The third design (design C) uses a spherical tip formed on a CF spliced to the SMF, as 
shown in Figure 5-11(a). The beam emerging from the SMF expands as it propagates through the 
CF segment and is subsequently focused by refraction at the curved interface between the CF and 
the output medium at the spherical tip. A side-viewing probe is obtained by angle polishing half 
of the spherical tip and utilizing total internal reflection or by metal coating the polished surface 
to redirect the beam, as shown in Figure 5-11(b). The path followed by light in a side-viewing 
probe is equivalent to the forward-viewing case when 50% of the ball is polished. The ABCD 
model shown in Figure 5-11(c) is therefore applicable to both forward and side viewing probes. 
This probe design, commonly called a ball lens probe, is versatile and a range of beam profiles are 
achievable by varying the length of CF (𝑙𝑙𝑠𝑠2) and the radius of the spherical tip (𝑟𝑟𝑏𝑏). The length of 
the straight segment of the CF, 𝑙𝑙𝑠𝑠 = 𝑙𝑙𝑠𝑠2 − 2𝑟𝑟𝑏𝑏 is a parameter independent of 𝑟𝑟𝑏𝑏 and is more useful 
than 𝑙𝑙𝑠𝑠2 when visualizing this type of probe design. 
The expressions for 𝑊𝑊𝑊𝑊 and 𝑆𝑆𝑆𝑆 are a function of only  𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏 for the ball lens design. 
Therefore, the relation between the probe segment lengths and the resulting beam profiles may be 
visualized as contour plots of working distance and spot size shown in Figure 5-11(d), (e). The 
contours of the maximum working distance and the maximum spot size, shown on the figures, may 
be found by computing the partial derivatives with respect to 𝑙𝑙𝑠𝑠2 and equating them to zero. The 
limits for 𝑟𝑟𝑏𝑏 were chosen to be 100 and 300 µm as probes with ball radii greater than ~275 µm, on 
a 125 µm fiber, were found to be fragile and difficult to handle. The diameter of a beam originating 
with a beam waist diameter of 9.2 µm (the MFD of the SMF) is ~125 µm after propagating ~1000 
µm in silica. Therefore, the limit for the straight section of the spacer ( 𝑙𝑙𝑠𝑠) was chosen to be 1000 
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µm. When the propagating beam diameter exceeds the CF diameter, the beam profile is no longer 
Gaussian due to diffraction [140].  
 
Figure 5-11: Ball lens probe model. (a) Forward-viewing probe. (b) Side-viewing probe. (c) Equivalent ABCD 
model for the forward and side-viewing probes. (d) Contour plot of the working distance as a function of the ball 
lens radius 𝑟𝑟𝑏𝑏 and length of the spacer 𝑙𝑙𝑠𝑠. (e) Contour plot of the spot size as a function of the radius and length of 
the spacer. The empty diamonds depict the designs that were fabricated and tested. 










It can be noted that the contours of the maximum working distance and maximum spot size 
are parallel to each other. These expressions were found to be useful in the design of probes of a 
specific size that maximized either the working distance or the confocal range. From Figure 
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5-11(d), it can be seen that design C probes can achieve working distances as large as 5 mm, but 
only with a ball diameter of ~600 µm. 
In order to obtain nearly collimated beams, designs that maximize the working distance 
and those maximizing the spot size were considered. A larger spot size yields a beam with 
increased confocal range and a lower NA, as does a longer working distance due to the nature of 
designs considered here. Since the contours of the maximum working distance and the maximum 
spot size only differ by an offset 𝑛𝑛𝑠𝑠𝑧𝑧𝑅𝑅 (= ~74 µm), designs that maximized the working distance 
were chosen to be fabricated and tested. A few representative probes that were fabricated and 
tested are marked by the diamond markers on the contour plot shown in Figure 5-11(d). 
 
Figure 5-12: Forward-viewing ball lens probes. (a) Image of a 346 µm diameter ball lens with beam profile marked 
as T in part (d). (b) 520 µm ball lens with ~3.8 mm working distance shown as plot V in part (d). (c) Beam intensity 
profile for ball lens shown in (b) at a position close to the waist (z = 4.28 mm). (d) Measured and predicted beam 
profiles for four ball lens probes with parameters shown in the table. BD: beam diameter, WD: working distance, 
SS: spot size. All scale bars are 100 µm.   
Representative results from forward-viewing probes based on design C are shown in Figure 
5-12. Figure 5-12(a) shows a probe that achieves a working distance of ~1.8 mm with a tip with 
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radius 173 µm; the measured and predicted beam profile for this probe is marked as T in Figure 
5-12(d). Figure 5-12(b) shows a ball tip with diameter of 520 µm that is able to achieve a beam 
with working distance of ~3.8 mm with a spot size of 81 µm. The beam intensity profile for this 
probe at a position close to the beam waist (z= 4.28 mm) is shown in Figure 5-12(c). Figure 5-12(d) 
shows the measured and ABCD predicted beam profiles for probes shown in Figure 5-12(a), (b), 
along with results from two other designs. The probes have ball diameters ranging from 250 to 
520 µm and achieve working distances from ~1 to ~3.8 mm. These longer working distances 
probes are better suited for large airway imaging than the results reported by previous studies that 
utilized ball lens based designs [89] [113] [99] [97] [114].  
It can also be noted from Figure 5-12(d) that the measured beam has virtually no 
astigmatism (the beam diameters measured in the 𝑥𝑥 and 𝑥𝑥 directions are nearly identical) and fits 
the Gaussian beam profile very well. This is most likely due to the ball lens fabrication procedure, 
which uses multiple short arc discharges and produces a nearly perfect spherical tip by surface 
tension. The Gaussian nature of the beam is also evident in the beam intensity profile shown in 
Figure 5-12(c). The image shows the beam profile in the 𝑥𝑥𝑥𝑥 plane that was produced from the two 
orthogonal slit measurements reported by the beam profiler. The beam profile shown as plot V on 
Figure 5-12(d) was produced by a probe with 𝑙𝑙𝑠𝑠= 383 µm, 𝑟𝑟𝑏𝑏=260 µm (shown in Figure 5-12(b)); 
this design limits the maximum beam diameter to ~200 µm and produces a roughly collimated 
beam over the 12 mm range, making it a good candidate for large airway imaging.   
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Figure 5-13: Comparison of forward and side-viewing ball lens probe. (a) Forward viewing ball lens with 𝑟𝑟𝑏𝑏 of 230 
µm. (b) The same ball lens as shown in (a), after angle polishing at 48°. (c) Measured and predicted beam profiles 
for the forward and side viewing probes shown in parts (a) and (b). (d) Beam intensity profile for the forward 
viewing probe at a position close to the waist (z= 2.78 mm). (e) Beam intensity profile for the side viewing probe at 
the same position as (d). BD: beam diameter, WD: working distance, SS: spot size. All scale bars are 100 µm. 
The beam profiles before and after polishing a 460 µm ball lens probe is shown in Figure 
5-13. Figure 5-13(a) shows an image of the forward-viewing probe and Figure 5-13(b) shows the 
same probe after being angle polished at 48°. Figure 5-13(c) compares the beam profiles before 
and after polishing. The solid line on the plot shown in Figure 5-13(c) is the ABCD predicted 
profile and the dotted line is a best-fit Gaussian to the measured beam profile of the side-viewing 
probe. The beam profiles before and after polishing match closely, the working distance for both 
the probes is approximately 2.95 mm, with a spot size of ~72 µm. The close agreement between 
the beam profiles, before and after polishing, indicates that the angle polishing process was 
successful in producing a single, well-defined side-viewing beam by total internal reflection alone. 
Figure 5-13(d), (e) show the beam intensity profiles in the 𝑥𝑥𝑥𝑥 plane measured before and after 
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polishing at a posiiton close to the beam waist (z= 2.78 mm). While the forward-viewing beam 
intensity profile shown in Figure 5-13(d) is Gaussian and symmetric, a slight amount of 
astigmatism is evident in the side-viewing case shown in Figure 5-13(e). This was most likely 
caused by a slight tilt between the polishing surface and the fiber axis during the angle polishing. 
The measured beam exit angle for the side-viewing probe was 𝛽𝛽= 6.37±0.3°, which closely 
matched the theoretical prediction of 6°. 
In conclusion, the procedure described here enabled the fabrication of ball lens probes with 
much larger tip sizes than reported in previous studies. After correcting the measured probe 
segment dimensions, as described in section 5.4.3, the ABCD predictions matched the measured 
beam profiles closely. A probe with working distance as large as 3.8 mm, with a spot size of ~80 
µm, was achieved with a 520 µm diameter ball lens. The angle polishing process was found to be 
reliable and was able to produce a side-viewing, ball lens probe with a beam profile that closely 
matched the beam profile of the forward-viewing probe. 
5.5.4 Design D: Hybrid lens 
The final design (design D) is a multi-segment probe, shown in Figure 5-14(a), with a tip 
similar to of design C but preceded by a segment of CF and GIF as in design B. The lengths of the 
CF-GIF segment (𝑙𝑙𝑠𝑠1, 𝑙𝑙𝑔𝑔) are tailored to produce a beam with a waist size smaller than 𝑤𝑤0𝑓𝑓 at the 
entrance of the second CF segment, such that the limited aperture of the CF segment is utilized 
more effectively. As in the case of the ball lens probe, 𝑙𝑙𝑠𝑠2  and 𝑟𝑟𝑏𝑏  can be optimized to obtain 
different beam profiles. A side-viewing probe for this design is obtained using the same approach 
as used for design C- by polishing 50% of the ball and utilizing either total internal reflection or 
metal coating the polished surface (shown in Figure 5-14(b)). The path followed by light in a side-
viewing probe with design D is equivalent to that in the forward viewing probe and is represented 
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by the ABCD model shown in Figure 5-14 (c). The length of the straight segment of the CF, 𝑙𝑙𝑠𝑠 =
𝑙𝑙𝑠𝑠2 − 2𝑟𝑟𝑏𝑏 is again more useful than 𝑙𝑙𝑠𝑠2 when visualizing probe based on this design. 
 
Figure 5-14: Hybrid probe model. (a) Forward-viewing probe. (b) Side-viewing probe. (c) Equivalent ABCD model 
for the forward and the side-viewing probes. (d) Contour plot of the working distance as a function of the ball lens 
radius 𝑟𝑟𝑏𝑏 and length of the spacer 𝑙𝑙𝑠𝑠. (e) Contour plot of the spot size as a function of the radius and length of the 
spacer. 𝑙𝑙𝑠𝑠1 = 272 µm, 𝑙𝑙𝑔𝑔 = 326 µm for plots (d) and (e). The empty diamonds mark the designs that were fabricated 
and tested. 
For this design, the expressions for 𝑊𝑊𝑊𝑊 and 𝑆𝑆𝑆𝑆 are a function of only 𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏, if 𝑙𝑙𝑠𝑠1 and 
𝑙𝑙𝑔𝑔 are assumed to be fixed. The relation between 𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏 and the resulting beam profiles can 
therefore be visualized once again as contour plots of working distance and spot size (shown in 
Figure 5-14(d) and (e)). The contours of the maximum working distance and maximum spot size, 
which are also shown on the figures, are found by computing the partial derivatives with respect 
to 𝑙𝑙𝑠𝑠2 and equating them to zero, as before. 
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For the contour plots presented in Figure 5-14 (d) and (e), 𝑙𝑙𝑠𝑠1 and 𝑙𝑙𝑔𝑔 are kept fixed at 272 
and 326 µm respectively to obtain an input beam diameter of ~4.4 µm at the input face of the 
second CF segment, while ensuring that the GIF core fill factor is less than 2/𝜋𝜋, as discussed in 
section 5.5.2. The reduced beam waist diameter results in a faster diverging beam; therefore, the 
𝑙𝑙𝑠𝑠 segment limit in this case is reduced to 500 µm as compared to the design C case. The limits for 
𝑟𝑟𝑏𝑏 are the same as in design C. 
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It can be noted that the contours of the maximum working distance and maximum spot size 





, which is ~17 µm. Designs that 
maximized the working distance were chosen to be fabricated and tested. Representative probes 
that were beam profiled are depicted by the empty diamond markers on Figure 5-14(d).  
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Comparing the equations for the contours of the maximum working distance and spot size 
for designs C and D, it can be seen that the respective contours for designs C and D have the same 
slope, but different offsets. In particular, it can be noted that the function of the CF-GIF segment 
in design D is to increase the working distances achievable with similar 𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏 values. However, 
increase in working distances comes at the cost of larger spot sizes, as seen on Figure 5-14 (e), due 
to the Gaussian nature of the beam and the limited lens dimensions.  
Design D is similar to design C, except that the beam at the input face of the second CF 
segment has a waist smaller than the SMF MFD. This spot size compression is achieved by using 
a variant of the CF-GIF design B described earlier. The smaller input beam size results in a rapidly 
diverging beam within the CF segment and allows better use of the limited aperture of the straight 
CF segment and the spherical tip. This modification allows beams with significantly longer 
working distances to be produced using design D as compared to any other all-fiber design. The 
addition of the CF-GIF segment allows the maximum achievable working distance to be extended 
from 5 mm in the case of design C to almost 15 mm with design D.  
In the context of endoscopic OCT imaging, the use of a compound lens, with one segment 
employed to generate a compressed spot size, was first proposed by Fu et al. [141] for esophageal 
imaging. They built a 1.3 mm outer diameter balloon catheter probe using glass rods and GRIN 
lenses to produce a beam with a working distance of 9 mm and a spot size of 39 µm. This beam 
profile was appropriate for use with an 18 mm inflated balloon in the esophagus. Design D 
represents an all-fiber realization of this concept and allows similar working distances to be 
achieved, albeit with larger spot sizes. In the context of fiber optic coupling, Shiraishi et al. [107] 
used a combination of a GIF segment along with a CF ball lens section in order to improve the 
collection efficiency of a lensed fiber coupled to a laser diode. However, the principle of operation 
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of their design is different from that of design D, as is the nature of their application. Therefore, 
the hybrid approach described here is novel to the best of our knowledge. It should be noted that 
although the designs discussed here have long working distances with large spot sizes, it is also 
possible to generate smaller spot sizes with moderate working distances better suited for small 
lumen imaging using this design. 
Figure 5-15 presents results for representative probes with design D. When compared to 
probes shown in Figure 5-12 and Figure 5-13, these probes include a CF-GIF segment after the 
SMF as seen on the images in Figure 5-15(a), (b). Figure 5-15(a) shows the image of a hybrid lens 
that achieves a ~4 mm working distance with a 290 µm ball tip. 
 
Figure 5-15: Forward-viewing hybrid probes. (a) 290 µm diameter ball probe with ~4 mm working distance. (b) 
Probe with greater than 12 mm working distance. (c) Measured and predicted beam profiles for four probes with ball 
diameters ranging from 290 to 472 µm and working distances from 3.972 to 12.299 mm. BD: beam diameter, WD: 
working distance, SS: spot size. All scale bars are 100 µm.   
The probe shown in Figure 5-15(b) produces a near-collimated beam with a beam diameter 
less than 200 µm and a working distance greater than 12 mm . The measured and predicted beam 
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profiles for probes shown in Figure 5-15(a) and (b) are marked as S and V respectively on the 
beam profiles shown in Figure 5-15(c). The measured beam diameters and the ABCD predictions 
for design D probes shown in Figure 5-15(c) have working distances from ~4 to ~12.3 mm, with 
the corresponding spot sizes ranging from ~55 to ~150 µm. The hybrid probes achieve these 
profiles using ball tips that range from 290 to ~570 µm in diameter.  The beam profiles marked as 
T, U and V, have nearly uniform beam diameters across the 12 mm measurement range, making 
them good candidates for endoscopic OCT probes for imaging the large airways. The ABCD 
predicted beam profiles are similar to the measured results. However, the agreement between the 
predicted and measured results is poor, when compared to design C results (Figure 5-12(d)).  
The largest woring distance that was achieved by a fabricated design D probe was ~14.3 
mm with a ~27.7 mm confocal range. The results for this probe is shown in Figure 5-16. This was 
a probe with a 514 µm diameter tip that produced a nearly collimated beam with a beam diameter 
of less than ~200 µm over a 24 mm distance (beam profile shown in Figure 5-16(b)). While design 
C probes have beam profiles that are almost perfectly Gaussian (as seen in Figure 5-12(c), (d)), 
design D probes exhibit diffraction effects that cause the overall beam shape to deviate from a 
Gaussian. These effects are particularly visible in long working distance probes with large ball tips 
and roughly collimated beams, such as the example shown in Figure 5-16. This is illustrated by 
the beam intensity profiles shown in Figure 5-16(c), (d) and (e); the images in Figure 5-16(e) show 
non-Gaussian profiles, especially at positions before the waist. The poor agreement between the 
measured and ABCD predicted beam profiles is also particularly evident at large values of 𝑧𝑧 in 
Figure 5-16(b).  
The results for a side-viewing hybrid lens is shown in Figure 5-17. Figure 5-17(a) shows a 
forward-viewing version of the probe, while Figure 5-17(b) shows the same probe, after being 
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polished at 52°. This probe had a ~5.75 mm working distance probe and a < 50 µm spot size, 
making it particularly suitable for use with the Thorlabs OCT system with its 12 mm imaging 
range. The measured and predicted beam profiles for this probe are shown in Figure 5-17(c). In 
this case, the best fitting Gaussian to the side-viewing profile was the same as that for the forward-
viewing profile. The forward and side viewing profiles are fairly similar, but their agreement with 
the ABCD prediction is modest. The side viewing beam also exhibits astigmatism, which can be 
seen by the difference in the beam diameters measured in the 𝑥𝑥  and 𝑥𝑥 directions.  The angle 
polishing procedure produced a single, well-defined beam with the beam profile shown and an exit 
angle (13.15 ± 0.25°) that closely matched the theoretical prediction of 14°.  
 
Figure 5-16: Hybrid probe with 14.35 mm working distance. (a) Probe image. (b) Measured and ABCD predicted 
beam profile with the probe segment lengths. (c) Beam intensity profile in the 𝑥𝑥𝑧𝑧 plane. (d) Beam intensity profile in 
the 𝑥𝑥𝑧𝑧 plane. (e) Beam intensity profile in the 𝑥𝑥𝑥𝑥 plane at various 𝑧𝑧 positions. BD: beam diameter, WD: working 
distance, SS: spot size. All scale bars 100 µm, except where noted. 
 The side-viewing probe shown in Figure 5-17(b) was used in the sample arm of the 
Thorlabs OCT system and images, such as the ones shown in Figure 5-17(d) and (e), were acquired 
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without the sheath. Figure 5-17(d) shows the image of a ~14 mm diameter cylinder, made by 
rolling a paper printed with alternating 125 µm grey and white lines. From the OCT image and the 
enlarged view shown as an inset in Figure 5-17(d), it is evident that the 125 µm features are 
distinguishable. An image of an excised pig traches acquired with the same probe and an enlarged 
view of the same image is shown in Figure 5-17(e).The OCT image depicts the tissue-air interface 
clearly and sub-surface tissue features, such as the cartilage, are also visible. 
 
Figure 5-17: Side-viewing hybrid probe. (a) Probe image before polishing. (b) Probe image after polishing. (c) 
Measured and predicted beam profile for the forward and side viewing probes. (d) OCT image of a rolled paper 
cylinder with 125 µm lines printed on it, acquired with the side viewing probe. (e) OCT image of an excised pig 
trachea acquired with the side-viewing probe. BD: beam diameter, WD: working distance, SS: spot size. All scale 
bars are 100 µm, unless specified otherwise. 
5.6 Impact of the sheath 
5.6.1 Theory 
Endoscopic OCT imaging is always performed with the probe enclosed in a sheath. The 
sheath remains stationary as the probe is rotated and serves to mechanically isolate the probe from 
the tissue being imaged. Due to the cylindrical shape of the sheath, the beam encounters elements 
with different refractive properties in the transverse (𝑥𝑥) and longitudinal (𝑥𝑥) directions. This effect 
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caused by the sheath may be modeled using a set of ABCD matrices for each of the two orthogonal 
directions [131] [132]. The equivalent ABCD models in the 𝑥𝑥  and 𝑥𝑥  directions for an angle-
polished design C or D probe enclosed in a sheath are shown in Figure 5-18. The sheath is 
characterized by its internal diameter 2𝑟𝑟ℎ, the wall thickness 𝑡𝑡ℎ  and the refractive index of the 
material 𝑛𝑛ℎ. These models assume that the medium inside and outside the sheath are the same, 
which is air in the case of airway imaging. The full model of the probe enclosed in the sheath is 
obtained by pre-multiplying the matrices shown in Figure 5-18 with either 𝑀𝑀𝐶𝐶 shown in Figure 
5-11(c) or 𝑀𝑀𝐷𝐷 given in Figure 5-14(c). 
 
Figure 5-18: Sheath ABCD model 
In the 𝑥𝑥  direction, the sheath shifts the waist location by a distance 𝑡𝑡ℎ(𝑛𝑛ℎ − 𝑛𝑛𝑚𝑚)/
𝑛𝑛ℎwithout modifying the spot size. However, for the designs presented here, the beam is expected 
to lose its focus in the 𝑥𝑥 direction due to refraction at the curved surfaces of the sheath. Therefore, 
in the case of probes enclosed in a sheath a different metric for choosing probe designs, other than 
the long working distance approach, used earlier in sections 5.5.3 and 5.5.4, must be employed. 
One option is to quantify the worst-case beam astigmatism produced across the imaging range, 








𝐵𝐵𝑊𝑊𝑥𝑥,𝐵𝐵𝑊𝑊𝑦𝑦 are the beam diameters in the two orthogonal directions and 𝑧𝑧𝑚𝑚𝑚𝑚𝑥𝑥 is the imaging 
range. The other option is to ignore astigmatism and instead only consider the resulting maximum 




Figure 5-19(a) and (b) illustrate the values of these metrics for probes with design C 
enclosed in a Fluorinated ethylene propylene (FEP) sheath with 0.6 mm inner diameter, 0.84 mm 
outer diameter and a nominal refractive index 𝑛𝑛ℎ=1.34. The contour plot of the working distance 
for design C without the sheath is also reproduced from Figure 5-11 as part (d). Similar results for 
design D probes are presented in Figure 5-20(a) and (b). Comparing the plots in part (a) with part 
(d) in Figure 5-19 and Figure 5-20, it is evident that probes with longer working distances are also 
expected to exhibit larger astigmatism when used with a sheath. Thus, for imaging with a sheath, 
a shorter working distance might be preferrable. A uniformly diverging beam has 𝐵𝐵𝑊𝑊𝑟𝑟𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵 ≈ 1, 
but is not ideal for endoscopic OCT imaging due to the resulting low resolution at large distances 
and the large sensitivity roll-off caused by such a beam profile.  
Owing to these considerations, a probe design that yields the minimum 𝐵𝐵𝑊𝑊𝑚𝑚𝐵𝐵𝑥𝑥 could be 
considered as the design choice that represents the best compromise between astigmatism and 
beam size over the imaging range. This specific choice limits the beam size, while also yielding a 
reasonable value for 𝐵𝐵𝑊𝑊𝑟𝑟𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵 and working distance. The design choice that minimizes 𝐵𝐵𝑊𝑊𝑚𝑚𝐵𝐵𝑥𝑥 
for design C is indicated by the circle on the contour plots in Figure 5-19(a), (b). The beam profile 
and astigmatism for this design choice are shown in Figure 5-19(c). Similarly, the design choice 
that results in the minimum 𝐵𝐵𝑊𝑊𝑚𝑚𝐵𝐵𝑥𝑥 for design D is indicated by the triangle in Figure 5-20(a), (b) 
and the beam profile and astigmatism are shown in Figure 5-20(c).  
142 
From Figure 5-19(c) and Figure 5-20(c), it can be seen that the resulting beam profiles, 
from the chosen designs, are nearly identical for both designs C and D. This design also yields 
similar values of astigmatism for both designs C and D. However, the versatility of design D allows 
this beam profile to be achieved using a much smaller tip radius (𝑟𝑟𝑏𝑏=132 µm instead of 256 µm), 
thus resulting in a more compact probe that is easier to fabricate. 
 
Figure 5-19: Design C enclosed in a sheath. (a) Contour plot of 𝐵𝐵𝑊𝑊𝑟𝑟𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵. (b) Contour plot of 𝐵𝐵𝑊𝑊𝑚𝑚𝐵𝐵𝑥𝑥. (c) Beam 
profile and ratio of beam diameters for the selected design marked with a circle in (a) and (b). (d) Working distance 
contour plot reproduced from Figure 5-11. 
While previous studies have examined the impact of the sheath and the strategies required 
to compensate the distortion introduced by the sheath [97] [99] [135] [117] [134] [131] [132], their 
analyses primarily centered around minimizing astigmatism to optimize the image quality in the 
short working distance, high-resolution regime. The analysis presented here is specific to the 





The impact of using the side-viewing, hybrid probe presented in Figure 5-17(b) within a 
FEP sheath with inner/ outer diameter of 540/ 840 µm and, 𝑛𝑛ℎ=1.34, is shown in Figure 5-21. 
Figure 5-21 shows that the introduction of the probe in a sheath results in an astigmatic beam 
profile. The beam profile in the 𝑥𝑥 direction is virtually unchanged as 𝑡𝑡ℎ(𝑛𝑛ℎ − 𝑛𝑛𝑚𝑚)/𝑛𝑛ℎ = 38.1 𝜇𝜇𝑚𝑚. 
However, the beam profile in the 𝑥𝑥 direction is diverging and does not have a waist in the medium. 
 
Figure 5-20: Design D enclosed in a sheath. (a) Contour plot of 𝐵𝐵𝑊𝑊𝑟𝑟𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵. (b) Contour plot of 𝐵𝐵𝑊𝑊𝑚𝑚𝐵𝐵𝑥𝑥. (c) Beam 
profile and ratio of beam diameters for the selected design marked with a triangle in (a) and (b). (d) Working 
distance contour plot reproduced from Figure 5-14. 
Figure 5-21(b), (c) shows OCT images of the same samples that were presented in Figure 
5-17, but acquired using the probe enclosed in the sheath. The image in Figure 5-21(b) was 
acquired in a rolled tube with a slighlty larger diameter, but with the identical printed pattern as 
the one shown in Figure 5-17(d). The loss of resolution caused by the use of a sheath is evident 
from a comparison of the images in Figure 5-21(b) and Figure 5-17(d). In the case of the image 
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acquired with the sheath, all features are washed out and the printed pattern appears to be 
homogeneous. 
 
Figure 5-21: Impact of using a sheath with the hybrid probe. (a) Measured and predicted beam profiles of the probe 
with and without the sheath. (b) OCT image of a rolled paper tube with 125 µm printed gray lines, acquired with the 
sheath. (c) OCT image of an excised porcine trachea acquired with the sheath. 
Figure 5-21(c) presents an OCT image and an enlarged section of the image acquired in 
the same excised pig trachea that was imaged without the sheath earlier. The images in Figure 
5-21(c) and Figure 5-17(e) were not acquired at the exact same spot within the trachea; therefore, 
one-to-one comparison is not possible. However, the impact of the sheath on images of the trachea 
appears to be less detrimental. Visually the images of the trachea acquired with and without the 








As evident from the analysis presented here, imaging with the sheath can dramatically alter 
the beam profile and decrease the image quality if not compensated for. The use of an elliptical tip 
has been shown to compensate for the astigmatism introduced by the sheath in earlier studies [99] 
[97] [96]. The ball lensing procedure described here cannot produce elliptical tips. However, it 
should be possible to use the FFS2000 fiber workstation to fabricate elliptical tips with dimensions 
less than 300 µm using methods described by Yuan et al. [96]. Since long working distances may 
be achieved using smaller tip sizes using the design D, the combination of design D with elliptical 
tips should result in a greater range of possible beam profiles. In particular, the best possible beam 
profile, when using the specified sheath, was found to have an 𝑟𝑟𝑏𝑏 value of 132 µm - such designs 
can be readily fabricated using a fusion splicer  
The use of a forward looking probe with a cylindrical beam deflector [135] or the use of a 
cylindrical surface instead of a polished flat surface [142] are also options that could be used to 
mitigate astigmatism. In practice, the easiest approach to minimizing beam astigmatism, might be 
to use the largest diameter sheath acceptable for the imaging application. Even a small increase in 
the sheath diameter reduces its refractive power considerably and improves the uniformity of the 
imaging beam significantly. 
5.7 Metal coating 
5.7.1 Theory 
A side-viewing beam may also be obtained by angle polishing the ball tip at an angle less 
than that given by (6) and by metal coating the polished surface. The polishing angle may be 
chosen arbitrarily to achieve a desired beam exit angle. However, a polish angle of 45° is typically 
avoided to prevent specular reflections from being coupled back into the system [29].  The 
reflectivity of a silica-metal interface may be approximated as,  
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𝑅𝑅 =
𝑛𝑛𝑖𝑖2 + (𝑛𝑛𝑠𝑠 − 𝑛𝑛𝑟𝑟)2
𝑛𝑛𝑖𝑖2 + (𝑛𝑛𝑠𝑠 + 𝑛𝑛𝑟𝑟)2
 
Where 𝑛𝑛� = 𝑛𝑛𝑟𝑟 + 𝑗𝑗𝑛𝑛𝑖𝑖  is the complex refractive index of the metal and is related to the 
complex permittivity as 𝜖𝜖 = 𝜖𝜖′ + 𝑗𝑗𝜖𝜖′′ = 𝑛𝑛�2 [143] [144]. In the case of gold, a coating thickness 
greater 117 nm is expected to yield a reflectivity greater than ~97.8 % for wavelengths in the range 
1.24 - 1.36 µm, as shown in Figure 5-22(b) [144].  
5.7.2 Methods 
Metal coating of the polished surface was performed using PVD 75 Sputter Deposition 
System (Kurt J. Lesker Co.), Figure 5-22(a). The ball tipped fiber was inserted into the work holder 
with an angle polished ferrule at its tip. The ball tip was fixed to the ferrule using the Quick Stick 
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machine using a process similar to that described in section 5.4.5. The work holder was then 
transferred to the sputter deposition system and held above the target using high temperature 
polyimide tape. A 5 nm chromium adhesion layer was deposited first, followed by a 200 nm gold 
film deposition. Owing to the nature of the deposition process, all unprotected surfaces are coated- 
including the polished surface. After deposition, the mounting adhesive was dissolved in acetone 
and the probe was unmounted from the holder.  
5.7.3 Results 
Metal coating was primary investigated as a means to overcome the limitations of the early 
version of the polishing process that made use of the Nanopol polishing machine. The polished 
surface was frequently scratched, resulting in artifacts discussed earlier and it was hoped that metal 
coating would yield a single well-defined beam. A total of four angle polished probes were metal 
coated. Representative results are shown in Figure 5-22(c), (d). 
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With the new polishing process described in the methods section, using the Ultrapol system, 
it was no longer necessary to metal coat probes in order to obtain a well-defined side-viewing 
probe and the metal coating process was not pursued any further.  
As other authors have noted before [29] [96] , metal coating the polished surface can help 
mitigate artifacts produced from incorrect polishing. Metal coating can also be useful in the cases 
where the air-silica interface cannot be guaranteed- for instance in media other than air or if the 
assembly process of the fiber probe within a drive-shaft involves the use of an adhesive at the 
polished face [118]. 
 
Figure 5-22: Metal coating. (a) PVD 75 Sputter Deposition System. (b) Reflectivity of the silica-gold interface for 
varying thickness of gold coating over the sweep range of the laser (c) Beam picture of a metal coated probe; white 
arrow: probe tip, blue arrow: beam intensity profile. (d) Pair of images showing a metal coated design C probe. 
5.8 Comparison of ABCD and Zemax simulation results 
Overall, the ABCD method was found to be adequately suited for the estimating the 
performance of the fabricated probes according to designs B, C and D. Additionally, the ABCD 
predictions matched the measured beam profiles very well for design C probes, after the 𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏 
measurements were adjusted as described in section 5.4.3. 
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Some studies have used Zemax for designing endoscopic OCT probes [113] [96] [127] 
[122] and at least one study [127] reported better agreement of their measurements with Zemax 
simulations as compared to the ABCD method. In order to determine if Zemax simulations would 
yield better agreement with the measured beam profiles, as compared to the ABCD method, 
simulations with OpticStudio (Zemax LLC.) were performed for several design C probes. The 
measured 𝑙𝑙𝑠𝑠 and 𝑟𝑟𝑏𝑏 dimensions of fifteen design C probes, without any corrections, were used to 
create lens models in OpticStudio. The working distance and spot size of these probes were 
estimated using the paraxial Gaussian beam propagation, physical optics propagation (POP) and 
geometrical ray tracing options available in the program. The values of working distance and spot 
size obtained from these simulations were compared against the values obtained by fitting a 
Gaussian to the measured beam profile and also to the results from the ABCD model that also used 
the same segment lengths. The results of these comparisons are summarized in Figure 5-23.  
Geometrical ray tracing method yielded incorrect values for the beam spot size and the 
working distance results obtained from this method did not compare well with the ABCD 
predictions. The paraxial Gaussian beam propagation method results were identical to the ABCD 
predictions and the POP method yielded values that were very close to the ABCD results. 
Based on these observations, any observed mismatch between the measured and the ABCD 
predicted beam profiles are likely to be caused by measurement uncertainties rather than by any 
inadequacies with the ABCD models or the unsuitability of the Gaussian beam propagation method 
itself. The differences between the measured and the ABCD predicted beam parameters for all 
these probes were reduced when the measured values of 𝑟𝑟𝑏𝑏  was reduced by 5 µm and 𝑙𝑙𝑠𝑠  was 
increased by 10 µm as discussed earlier. 
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Figure 5-23: Zemax and ABCD comparison. (a) Measured working distance for several design C probes compared 
against ABCD predictions and OpticStudio simulations using the paraxial Gaussian beam propagation, physical 
optics propagation (POP) and geometrical ray tracing options. (b) Measured spot size compared against ABCD 
predictions and OpticStudio simulations. 
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CHAPTER 6: ASSESSMENT OF NASAL VALVE SURGEY OUTCOMES WITH 
ENDOSCOPIC OCT 
Functional rhinoplasty procedures for the treatment of Nasal Valve Compromise (NVC) 
are performed to increase the cross sectional area of the nasal valve or to reinforce the lateral wall 
to prevent collapse. Physical examination findings and patient-reported outcome measures are 
used as primary indicators of a successful intervention [5]. However, in research studies it is often 
preferable to obtain quantitative, objective assessments of nasal patency. Quantitative anatomical 
measurements are particularly useful for surgical planning and for the assessment of the outcomes 
of complex surgical interventions [145] [146].  
Imaging studies with CT or MRI can be used to determine the structure, shape, and volume 
of the nasal airway [19]. However, these methods only yield a static measurement of nasal 
dimensions. They cannot measure the dynamic deformation of the airway during breathing nor 
take into account factors such as nasal congestion. 3D computational models generated from high 
resolution CT or MRI scans can be used to perform Computational Fluid Dynamics (CFD) 
simulations of nasal airflow. CFD simulations can yield localized physiological measures, such as 
flow rate, resistance, heat transfer, and air humidification. However, such simulations are usually 
based on 3D models derived from CT scans and thus involve subjecting patients to radiation 
exposure that they would otherwise not receive [23]. Measurements such as rhinomanometry, 
acoustic rhinometry (AR), and peak inspiratory flow have been used to report the objective 
outcomes of nasal valve repair surgeries [147], but such approaches only yield limited information. 
Englhard et al. [44] [148] have shown that long-range OCT may be used to quantify the 
Internal Nasal Valve (INV) geometry and to study the dynamic behavior of the valve during 
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respiration. This chapter describes an experiment in which OCT imaging was performed before 
and after spreader graft and butterfly graft procedures in cadaveric models to obtain anatomical, 
objective measurements of the nasal airway. In order to evaluate the accuracy of nasal airway 
shape obtained from OCT scans, comparisons were made against CT derived volumes and with 
nasal video endoscopic frames. The findings highlight the potential of OCT imaging for rapid and 
accurate assessment of the nasal airway. In the future, it might also be possible to perform CFD 
simulations of airflow based on OCT derived volumes of the nasal airway. 
The contents of this chapter have been published in [31]. 
6.1 Methods 
6.1.1 Nasal anatomy and surgical procedures 
Figure 6-1(a) illustrates the nasal anatomy and gives an overview of the various anatomical 
terms used throughout this chapter. Spreader grafts (SG) and butterfly grafts (BFG) are two 
common functional rhinoplasty procedures that are performed to widen the nasal valve in order to 
treat NVC [147].  In a bilateral SG procedure, first a segment of the nasal septal cartilage is 
harvested and shaped into two rectangular cartilage grafts. These grafts are then placed and sutured 
between the upper lateral cartilages (ULC) and the septum. Figure 6-1(b) shows the site of the 
cartilage harvest and the placement of the grafts in a SG procedure schematically. These grafts 
widen the angle of the INV by displacing the insertion of the ULC laterally and thus increase the 
cross sectional area (CSA) of the INV [149].  
In a BFG procedure a concave, pyramid-shaped graft is first fabricated from a harvested 
piece of conchal cartilage. This graft is then placed over the nasal septum and sutured to the caudal 
margins of the ULC. The natural spring of the graft helps both to widen the nasal valve and to 
reinforce the strength of the ULC [150]. The site of the cartilage harvest and the placement of the 
graft in a BFG procedure are illustrated in Figure 6-1(c).  
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Figure 6-1: Nasal anatomy and overview of the rhinoplasty procedures. (a) Anatomy of the nose depicting the INV, 
the major cartilages, and the nasal bones. (b) Spreader Graft procedure: (top to bottom) septal cartilage harvest, 
shaping of the grafts and placement of the grafts between the upper lateral cartilage and the septum. (c) Butterfly 
Graft procedure: (top to bottom) harvest of the conchal cartilage, shaping of the overlay graft and placement of the 
graft over the upper lateral cartilages.  
6.1.2 Experimental methods 
Four adult cadaveric heads (Caucasian; 2 Male, 2 Female; aged between 65 and 86 years) 
were obtained (Science Care Inc., AZ). The nasal cavities were cleansed to remove any debris and 
septoplasty was performed if clinically indicated or for the harvest of spreader grafts. Baseline 
scans using both CT and OCT were performed on each head before SG or BFG procedures. Septal 
cartilages, used for the SG procedure, were harvested from the nasal septum from Donors 1 and 3. 
Conchal cartilages were harvested from Donor heads 2 and 4. These harvested cartilages were 
used to form grafts that were subsequently used for all SG and BFG procedures. On two of the 
donor heads, bilateral SG was performed first, followed by BFG procedure. On the two remaining 
heads, BFG was performed first, followed by bilateral SG. The alternating order was used to avoid 
bias inherent in conducting all procedures in the same sequence. After each procedure, the soft-
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tissue envelope was re-draped, all incisions were closed and CT, OCT scans were repeated. The 
institutional review board at the University of North Carolina School of Medicine, Chapel Hill, 
determined that this study was exempt from review due to the use of only cadaveric tissue. 
CT scans were performed with a 3D Accuitomo F170 cone beam CT system (J. Morita 
Mfg. Corp., Japan) with an isotropic voxel size of 0.33 mm. The OCT scans were performed with 
the Thorlabs OCT system with OCT catheters that were ~145 cm in length.  
6.1.3 OCT imaging setup 
In order to perform OCT imaging in the nasal airway, a stiff guiding sheath was attached 
to a 0° straight, nasal endoscope (diameter 4 mm, length 18 cm; Karl Storz SE & Co., Germany) 
and the OCT catheter was introduced into the nasal airway through the guiding sheath, as shown 
in Figure 6-2(a). The OCT probe tip was positioned within the nasal airway under a combination 
of video endoscopic guidance and real-time OCT imaging. Figure 6-2(b) shows a representative 
endoscopic image showing the OCT catheter and the guiding sheath, while Figure 6-2(c) shows a 
representative OCT frame acquired within the same nasal cavity. This imaging setup allowed the 
physician to rapidly position the OCT probe within the nasal airway as they had both the 
endoscopic and the OCT image for guidance. 
 OCT helical scans of the cartilaginous vault of the nasal cavity were performed over a 
pullback distance of ~20 mm by rotating the OCT probe at 20 Hz and pulling back at 6 mm/s. The 
resulting OCT image stack had 67 frames with a pitch of 0.3 mm. OCT images were assumed to 
have been acquired in a plane and no correction was performed for the helical nature of the beam 
trajectory. OCT scans were performed 5 times on each head, before and after each of the two 
interventions, separately on the left and right nasal airway to yield 120 scans in total during this 
study (4 heads × 2 sides × (1 baseline scan + 2 procedures) × 5 OCT scans).  
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Figure 6-2: Setup used to perform endoscopic OCT imaging of the nasal airways. (a) Rigid 0° forward, nasal 
endoscope with additional sheath used to guide the OCT catheter. (b) Nasal Endoscopy image depicting the 
positioning of the OCT probe and sheaths in the left nasal cavity, pre-intervention. (c) Representative OCT image 
acquired in the left nasal cavity of the same patient, pre-intervention. 
CT scans were acquired and reconstructed in the traditional manner, in a plane 
perpendicular to the hard palate (Figure 6-3(a) and (b)).  The coronal view of such scans does not 
provide an adequate assessment of the internal nasal valve [151] and reformatted views in a plane 
perpendicular to the axis of the main air flow direction are better suited for the assessment of the 
nasal airway [152] [153]. In the anterior aspect of the nasal cavity, the air flow axis is nearly a 
straight line that is parallel to the interior space of the nasal vault [16].  Therefore, the acquired CT 
scans were resampled in a plane perpendicular to the airflow direction along the path depicted by 
the dashed line in Figure 6-3(a). This method is similar to that proposed by Bloom et al. [151] and 
Suh et al. [16]. The resampled dataset had isotropic voxels 0.33 mm in size. The sagittal and 
coronal views of the resampled CT dataset are shown in Figure 6-3(c) and (d).  
The nasal airway on the resampled CT scans was segmented by thresholding and the 
segmented CT slices were used to generate a 3D volume of the nasal airway (Figure 6-4 (a)). The 
OCT scans acquired on each head, were qualitatively assessed for reproducibility and one scan on 
each side, before and after each of the two interventions, was chosen for further processing. The 
OCT scans were segmented manually and the segmentation masks were used to produce the OCT-
derived 3D volume of the airway (Figure 6-4(b)). 
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Figure 6-3: Acquired and resampled CT views. (a) Sagittal view of the acquired CT scan showing the line along 
which the acquired volume was resampled. (b) Representative coronal slice from the acquired CT volume. (c) 
Representative sagittal slice of the resampled volume. (d) Coronal slice from the resampled volume. 
The OCT and CT volumes were registered by minimization of the least square distance to 
obtain volumes of the airway from both modalities with a common coordinate system (Figure 
6-4(c)). Since the INV is the narrowest segment of the nasal airway with the smallest CSA [145], 
the CSA of the segmented CT nasal airway was analyzed and the slice with the minimum CSA, in 
the plane perpendicular to the airflow direction, was considered to be the best estimate of the INV 
for both the CT and OCT volumes (depicted by the yellow arrowhead on Figure 6-4(d)). If the 
positions of the minimum CSA were different for the right and left nasal valve regions, then a slice 
midway between the two positions was assumed to represent the INV for both sides.  All of the 




Figure 6-4: Data processing steps. (a) Nasal airway reconstructed from resampled CT scans. (b) Airway volume 
reconstructed from OCT scans. (c) Registered nasal airway volumes from OCT and CT. (d) Minimum CT CSA in 
the airflow direction used to determine the position of the INV (yellow arrowhead). (e) CT slice of the INV with the 
OCT derived contour overlaid. (f) CT volume clipped to match the OCT field of view. 
In order to assess the accuracy of the OCT imaging, several qualitative and quantitative 
assessments were performed. The overall shape of the nasal cavity as seen on nasal video 
endoscopy was compared to that observed on the OCT scans. The OCT volumes, after registration 
with the CT volumes, were overlaid and visually assessed for similarity.  The registered OCT 
volumes were also used to obtain contours of the nasal airway in the plane perpendicular to the 
airflow direction and these were compared to the resampled CT coronal images at the level of the 
INV (Figure 6-4(e)).  
In order to perform quantitative comparisons between the CT and OCT 3D volumes, it was 
necessary to modify the CT volume to account for the OCT acquisition’s limited field of view. 
The OCT system’s maximum imaging radius was 12 mm and since OCT images are produced 
with the probe tip at the origin, the volume of the nasal airway captured on the OCT scan depended 
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on the position of the OCT probe within the airway. In order to account for this limitation as well 
as for the pullback length of the OCT scans, the registered CT volumes were clipped to match the 
OCT field of view (Figure 6-4(f)) before performing quantitative comparisons. Specifically, CT 
volumes were clipped in the posterior, cranial and caudal directions based on the extent of the 
corresponding OCT volumes; no modifications were made in the other three directions.  
The Dice Similarity Coefficient (DSC) was used to quantify the overall segmented volume 
similarity between the two modalities [154]. If 𝑆𝑆𝑔𝑔
𝑓𝑓and 𝑆𝑆𝑡𝑡
𝑓𝑓 represent the foreground or the class of 







; where |. | denotes the set cardinality. The 
agreement between the segmentation contours of each set of paired volumes was assessed using 
the Hausdorff Distance (HD) [154]. The HD between two point sets  𝐴𝐴  and 𝐵𝐵  is defined by 





‖𝑎𝑎 − 𝑏𝑏‖, where ‖𝑎𝑎 − 𝑏𝑏‖ represents the Euclidean norm. The combination of 
an overlap based metric (DSC) and a distance based metric (HD) was used to compensate for the 
limitations of either of these methods when used alone. 
6.2 Results and discussion 
6.2.1 Comparison of OCT against endoscopy 
Figure 6-5 shows representative images acquired in the left nasal cavity of the same donor 
head before and after the two procedures. The shape of the nasal cavity on OCT images and on the 
video nasal endoscopy frames were visually similar for all heads before and after each intervention. 
OCT and endoscopic images demonstrated similar morphology of the nasal valve region and 
correctly indicated a widening of the valve apex after the surgical intervention. 
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Figure 6-5: Representative endoscopic (top) and OCT (bottom) images acquired before and after interventions. 
Endoscopic images and OCT frames acquired in the left nasal cavity in the same subject. 
6.2.2 Comparison of OCT against CT 
The comparison of the OCT and CT volumes also yielded promising results. In general, 
the registered, overlaid volumes demonstrated a high degree of similarity (Figure 6-6) for the 
region of the nasal airway in the OCT system’s field of view. The quantitative comparison of the 
OCT and the modified CT volumes showed that the difference in volumes across all measurements 
was 48.9 ± 145.7 mm3 (all results reported as mean ± standard deviation) or 2.2 ± 9.4 % of the CT 
volume. The DSC between the OCT and CT volumes was 0.88 ± 0.04, and the HD was 2.3 ± 0.6 
mm. The results of the comparison between the OCT and CT volumes are summarized in Table 
6-1. 
The limited imaging range of the OCT system, the pullback scan length, and the line-of-
sight limitations from the positioning of the probe tip within the cavity caused portions of the nasal 
airway to be missed on all scans (shown as clipped posterior regions on the OCT volumes in Figure 
6-6). Due to this limitation, the CT volumes had to be clipped to match the OCT scan volumes.  
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Table 6-1: Quantitative comparisons between the OCT and the modified CT volumes. 
 Volume (mm3) 




Pre-Intervention 1664.96 1699.89 0.905 2.087 
Post SG 1346.63 1345.12 0.872 2.721 
Post BFG 2464.13 2619.59 0.919 2.877 
Right 
Pre-Intervention 812.43 1002.79 0.790 2.721 
Post SG 1392.31 1343.94 0.873 2.113 
Post BFG 1446.61 1510.32 0.870 1.952 
Donor 2 
Left 
Pre-Intervention 1422.49 1481.11 0.872 2.310 
Post SG 1439.42 1467.60 0.788 2.701 
Post BFG 1829.23 1615.48 0.877 2.007 
Right 
Pre-Intervention 1360.61 1466.45 0.885 2.310 
Post SG 1558.48 1598.19 0.880 1.980 
Post BFG 2071.37 1894.49 0.928 1.896 
Donor 3 
Left 
Pre-Intervention 1117.53 1044.76 0.855 2.139 
Post SG 1879.07 1801.59 0.884 2.661 
Post BFG 1638.22 1639.52 0.883 3.006 
Right 
Pre-Intervention 1707.01 1523.98 0.898 1.320 
Post SG 1542.88 1493.47 0.917 1.896 
Post BFG 1446.79 1337.65 0.917 1.476 
Donor 4 
Left 
Pre-Intervention 1975.71 1925.79 0.885 2.970 
Post SG 2476.56 2486.88 0.930 1.867 
Post BFG 1829.80 1303.43 0.806 4.290 
Right 
Pre-Intervention 1875.48 1753.19 0.905 1.867 
Post SG 1815.61 1739.60 0.939 1.896 
Post BFG 1804.94 1650.41 0.911 1.896 
Both qualitative and quantitative comparisons demonstrate that the OCT volumes faithfully 
depict the morphology of the nasal cavity and have the correct dimensions when compared to the 
modified CT volumes. While the volumes are similar between the two modalities, they are not 
exactly identical. The observed discrepancies could be caused by a number of factors. Any 
differences in the soft tissue envelope position between the two scans would manifest as a 
difference in the volumes acquired by the two modalities. While the specimens were handled 
carefully during the study, it is possible that in some cases the soft tissue envelope was displaced 
slightly while transporting or positioning the heads during the CT and OCT scans. Additionally, 
segmentation of the airway in the OCT images was sometimes difficult as portions of the nasal 
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walls were not always perfectly discernable. This was caused either by lower reflectivity of certain 
surfaces or by shadowing from structures of the nasal wall blocking the OCT line-of-sight. Any 
errors in the OCT segmentation would result in the OCT volume not matching the CT volume 
perfectly in these affected regions. 
 
Figure 6-6: Comparison of the nasal airway volumes derived from CT (lighter color) and OCT (darker color) scans. 
SG: Spreader Graft, BFG: Butterfly Graft 
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Finally, while the effect of NURD on this experiment was negligible in most cases as the 
path of OCT probe had no tight curves, it is possible that the volumes for Donor 4, Post BFG, left 
side showed poor agreement as compared to the other volume sets due to NURD. After excluding 
this datapoint, the difference in volume, DSC and HD improve to 28.1 ± 106.6 mm3 or 1.1 ± 7.6 % 
of the CT volume, 0.89 ± 0.04 and 2.2 ± 0.5 mm respectively. 
6.2.3 INV shape 
In the cases where the OCT scan included the region of the INV, the contours of the INV, 
in the plane perpendicular to the airflow direction, derived from the registered OCT volumes were 
found to correspond closely to the underlying nasal valve shape as determined from the CT scans 
(Figure 6-7). The similarity in the INV angle between the OCT contours and CT images [155], 
was not quantified as the INV angle measured on the OCT scans is expected to be identical to that 
on the CT scans due to the high degree of agreement between the OCT derived contours of the 
INV with the underlying nasal valve shape. 
The region of INV was missed on some scans- either partially (Figure 6-7, Donor 1, Post 
SG, left) or completely (Figure 6-7, Donor 4, Post BFG, left and right) due to sub-optimal 
positioning of the probe. With greater operator experience, it is expected that there will be 
increased familiarity with the appearance of anatomical landmarks on the OCT images and this in 
turn would allow the protocol for probe positioning and the OCT scan pullback length to be 
optimally chosen such that the INV is consistently imaged. 
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Figure 6-7: Contours of the INV determined from OCT scans (purple: right INV, orange: left INV) overlaid on 
corresponding CT coronal images; SG: Spreader Graft, BFG: Butterfly Graft 
6.2.4 Other experimental observations 
Each pullback, helical OCT scan took ~3s; the total time taken for positioning each head 
and acquisition of the 10 OCT scans on each head, either before or after the interventions, was 16 
± 13 min. In scans that took longer to complete, the OCT catheter had to be removed and cleaned 
to remove deposits that had accumulated on the sheath. It should be possible to improve the scan 
times in the future with better suctioning and positioning during the scans. The repeated OCT scans 
were often performed without removing or repositioning of the OCT probe and by the same 
operator; therefore, the datasets acquired during this study were not appropriate for the assessment 
of repeatability or reproducibility of the imaging protocol.   
Since the INV is the narrowest portion of the nasal airway, it was possible for the OCT 
system to image this region completely when the probe was adequately centered (for example 
Donor 1, Pre-Intervention, left and right, Figure 6-7) even with the imaging range of 12 mm. 
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However, in cases where the probe wasn’t positioned near the center, the posterior portion of the 
INV was missed and the OCT contours appear clipped in the posterior direction (for example 
Donor 3, Post BFG, left and right, Figure 6-7). As a result, it was not possible to assess the 
improvement in CSA of the INV or the volume of the INV region due to the SG or BFG procedures 
from the OCT scans alone. A longer OCT imaging range would be desirable to allow for both the 
external and internal nasal valve regions to be scanned regardless of the positioning of the probe 
and also to avoid the aliasing artifact depicted in Figure 6-2(c). This would also allow for direct 
comparisons with CT without the need to clip the CT volumes in the posterior direction.  
During this study, the ability of OCT to visualize subsurface tissue structure allowed the 
visualization the upper lateral, lower lateral and septal cartilages as well as the site of the septal 
cartilage harvest as shown in Figure 6-8. 
 
Figure 6-8: OCT images depicting sub-surface tissue features. (a) the ULC and the Septal Cartilage (SC) are seen on 
this image of the right nasal cavity; (b) LLC can be seen in this image of the left nasal airway; (c) Image acquired 
past the INV in the left nasal airway shows the site of the septal cartilage harvest (SCH); (d) Image acquired close to 
the level of the left external nasal valve, S: Septum. 
6.3 Conclusions 
Despite the limitations noted, OCT imaging was found to be a valuable modality for the 
quantitative, objective assessment of the nasal valve region in this study. The volumes generated 
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from OCT scans may be subsequently used for performing CFD scans with a goal of obtaining a 
more physiological assessment of nasal patency. OCT imaging was also found to have several 
unique advantages over the existing methods for the assessment of nasal patency. In comparison 
with AR, OCT imaging allows for the complete 3D assessment of the nasal valves as opposed to 
a series of CSA measurements. Additionally, OCT is not affected by some of the known limitations 
of AR due to its use of reflection of acoustic waves [20]; OCT can image structures distal from the 
nostrils and can measure regions beyond narrow apertures without loss of accuracy. In contrast to 
nasal endoscopy, OCT can produce cross-sectional images that are quantitative and not affected 
by the distortions commonly encountered in video endoscopy [16]. OCT scans are also performed 
in real-time, allowing for the assessment of static or dynamic obstruction of the nasal airway with 
respiration [148].  
The results obtained, as well as the unique advantages outlined above make OCT imaging 
a promising modality to explore for the diagnosis of NVC and for the assessment of functional 
rhinoplasty procedures. 
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CHAPTER 7: CONCLUSIONS 
The unique advantages of endoscopic OCT imaging make it a promising modality for the 
clinical assessment of the large airways and the nasal cavity. Endoscopic OCT imaging may be 
performed with a flexible fiber-optic catheter at the patient’s bedside, potentially with only local 
anesthesia in conjunction with other routine tests. OCT scans can be used to produce quantitative 
measurements of the airway during respiration in real-time or to generate 3D volume of complex 
airway structures. For instance, OCT could be performed along with bronchoscopy or endoscopy 
to obtain a quantitative, volumetric assessment of the airway, thus potentially obviating the need 
for an additional CT or MRI exam.  
The potential applications include assessment of complex airway cases, surgical planning, 
and assessment of surgical outcomes. This thesis has presented results that advance endoscopic 
OCT imaging of the airway towards clinical use. The results from the combined CT and OCT 
exams in pigs, as well as the cadaver nose study, provide important insights into the protocol for 
the use of OCT in such procedures. An important aspect of the results presented has been that 
nearly all OCT-derived results have been validated against another method. The advantages, as 
well as limitations, of OCT in each scenario were carefully examined and described. Several key 
technological innovations, including a novel all-fiber lens design, were presented that serve to 
address some of the unique challenges posed by endoscopic OCT imaging of large airways. 
7.1 Future directions 
In the large airways, the use of a flexible, small diameter OCT catheter (as compared to a 
flexible bronchoscope) could enable visualization of the patency of the airway beyond stenosed 
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sections without trauma. It is also conceivable that such a modality could be used for routine 
preventive surveillance of patients with a history of prolonged intubation, or with a history of prior 
tracheal stenosis treated with ablation, stenting or surgery. A catheter based, long-imaging range 
OCT system could also be used to monitor formation of biofilms in the ETT of intubated patients, 
which is a leading cause of ventilator-associated pneumonia [156]. OCT imaging could also be 
combined with polysomnography sleep studies for OSA diagnosis or treatment follow-up.  
The volumes derived from OCT scans could be reformatted to produce virtual 
bronchoscopic views [22]. However, since OCT images are acquired with the probe tip as the 
origin, OCT-derived volumes do not depict the natural curvature of the airway. A potential method 
to overcome this is to use some form of position tracking to track the location of the OCT probe 
tip in physical space during the scans [33]. The ability to segment OCT images and reconstruct 
volumes of the airway during the procedure would greatly accelerate the adoption of OCT in 
clinical practice. The use of a micromotor based catheter could also improve scan speeds and 
potentially reduce artifacts from non-uniform rotation [33]. However, the loss of data due to 
shadowing from the electrical wires used to connect the motor will have to be overcome for true 
circumferential imaging of the airway. 
Deposits, such as mucus, on the OCT catheter sheath block the path of the scanning beam 
and produce shadowing. One potential method to mitigate this would be to use a hydrophobic 
coating on the exterior surface of the sheath. Another approach could be to ensure that the probe 
does not touch the airway walls during scans. This can be achieved by using a basket-like centering 
device shown in Figure 7-1. Such a device could also be potentially used to center the OCT catheter 
within the airway, without blocking the airflow. 
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Figure 7-1: OCT catheter centering device. 
The cylindrical shape of the sheath introduces astigmatism in the OCT beam and degrades 
the transverse resolution. Emerging approaches such as the use of meta-lenses [157] and 3D-
printed miniature optical elements [142] have the potential to mitigate the artifacts caused by the 
sheath and enable high-resolution imaging. 
Swept laser sources with variable scan ranges and sweep speeds have recently become 
commercially available. The use of such sources can enable novel types of OCT scans. For instance, 
a small wavelength-sweep range and a high sweep rate could be used to quickly interrogate large 
ranges. Subsequently, a wider sweep range and a slow sweep speed could be used to scan selected 
portions of the sample with high axial resolution. These forms of scans will ensure that the limited 
computational bandwidth is utilized more effectively. Computational issues are bound to become 
increasingly important with MHz-speed swept sources that produce very high fringe frequencies. 
Finally, a long flexible catheter is not strictly necessary for OCT imaging of the nasal cavity. 
An ideal device for such application could be a hand-held device consisting of a micromotor based 
OCT probe integrated at the tip of a nasal endoscope. The OCT image and the video frames could 
be displayed next to each other to allow physicians to quickly assess the nasal valve. A potentially 
useful addition to such a device would be the ability to track the OCT probe tip within the nasal 
cavity very precisely. With such tracking, multiple OCT volumes can be acquired with different 
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probe orientations and these volumes could be stitched together to form a composite volume that 
might potentially depict the entire nasal cavity. 
In order to estimate the accuracy of the OCT volume reconstructions necessary for the 
diagnosis of nasal valve compromise, sub-glottic stenosis or central airway obstruction, the 
following reasoning may be employed. The symptoms of an airway obstruction might not become 
apparent until about 70% of the lumen is occluded, but past this point there is a sudden onset of 
severe clinical symptoms requiring urgent interventions [158] [159] [160]. Thus, it is desirable for 
OCT to detect pre-symptomatic narrowing of the airway. It is assumed that, in order to be effective, 
OCT-derived volumes must be able to reliably detect at least 25% reduction in the airway CSA 
(this corresponds to the mid-point for Group 1 stenosis in the Myer-Cotton classification). 
Therefore, the minimum accuracy of OCT volume reconstructions could be required to be 2.5%, 
corresponding to an oversampling factor of 10. 
The narrowest portion of the airway in the nasal cavity, the upper airway and the central 
airways is the INV. The minimum CSA of the INV, determined from the cadaver head experiments 
described in 0, was ~54 mm2. A 25% reduction in CSA for this INV would translate to a 0.55 mm 
reduction in radius of an equivalent circle. The axial resolution of the Thorlabs OCT system is ~ 
13 µm, therefore detecting even a 0.026 mm change in radial dimensions should be feasible within 
a single scan. The challenge, however, is to be able to detect such changes over scans performed 
before and after an intervention. Achieving, a high level of accuracy will probably require some 
anatomical landmarks to be included in the OCT scans. Nevertheless, it should be possible to detect 
changes ~0.6 mm in linear dimensions with the combination of the reconstruction accuracy of 
2.5% and the high axial resolution. 
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If a laser source with a large coherence length and a high speed digitization scheme is 
employed, then the sensitivity roll-off of the OCT system is only determined by the beam profile 
produced by the optics in sample arm. For endoscopic imaging of the large airways, the distance 
between the OCT probe tip and the airway tissue surface is variable. Therefore, it is desirable to 
have equal sensitivity over the imaging range. In order to obtain uniform sensitivity, the sample 
arm optics need to generate a beam that has the same beam radius over the imaging range.  
Ideally, this could be achieved using a “non-diffracting” Bessel beam [100]. However, 
Bessel beams are not energy efficient due to their extensive sidelobe structure and the sensitivity 
reduction due to this, over the imaging range needed for large airway imaging, would be quite 
severe [102]. Therefore, a sample beam with a conventional Gaussian shape is considered 
appropriate. With Gaussian beams, the depth of focus and the beam radius at the waist are related 
as 2𝑧𝑧𝑅𝑅 = 2𝜋𝜋𝑤𝑤02/𝜆𝜆. Therefore, a large depth of field may only be achieved by increasing the spot 
size and thus decreasing the transverse resolution. While, the accuracy of radial distance 
measurements in OCT is primarily determined by the axial resolution, a large transverse beam size 
could cause fine features on the airway wall to be missed.  
The widest portion of the airway is the larynx, the diameter of which can be up to 44 mm 
in adult males [73]. Therefore, the ideal imaging range of an OCT system suitable for the diagnosis 
of airway obstructions could be 45 mm. In order to achieve a roughly uniform beam width with a 
Gaussian beam over this imaging range, the beam focal plane should be positioned at the middle 
of the imaging range and the depth of focus should be equal to the imaging range. This translates 
to a Gaussian beam with a working distance of 22.5 mm and a spot size of 193 µm, with a 
maximum beam diameter of 273 µm over the 45 mm depth of focus. Such a sample beam would 
yield a nominal transverse resolution of approximately 230 µm. Cone-beam CT scans, used 
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currently for the evaluation of the nasal airways, have a typical voxel size of 0.33 mm [31]. High 
resolution CT scans used for the assessment of the central airways are required to have a limiting 
spatial resolution better than 10 lp/cm (corresponding to a minimum pixel spacing of 0.5 mm) 
[161]. Therefore, an OCT system with a nominal transverse resolution of 230 µm and an imaging 
range of 45 mm should be adequate for the assessment of airway obstructions. 
The hybrid, all-fiber, lens design presented in CHAPTER 5 could be used to obtain a probe 
that is suitable. A hybrid lens with a 272 µm length of the first spacer, 326 µm length of the GIF, 
415 µm length of the second straight spacer segment and a ball tip with diameter of 645 µm, can 
be used to generate a Gaussian beam with a 22.38 mm working distance, a 197 um spot size, and 
a 46.8 mm depth of field. However, the fabrication of an OCT catheter with a 645 µm diameter tip 
would likely require the use of a 250 µm diameter CF as the second spacer and would also 
necessitate the use of a larger diameter sheath to accommodate the tip.   
The applications noted here only focus on anatomical imaging of the airways. The ability 
of OCT to depict airway tissue sub-surface structures with high resolution enables a large class of 
applications that are out of the scope of this thesis.   
7.2 Conclusion 
In order to realize the many advantages of endoscopic OCT airway imaging, endoscopic 
OCT must reproduce the airway shape and size faithfully under challenging conditions. The nasal 
cavity, the upper airway, the trachea and the mainstem bronchi have large dimensions, often with 
complex shapes. OCT scans must also be performed with a catheter that is never perfected centered 
within the lumen and is subject to a number of potential artifacts. These considerations set 
endoscopic OCT airway imaging apart from other conventional applications of OCT. 
This dissertation sought to address some of these unique challenges with endoscopic OCT 
imaging of the large airways. An experimental protocol to validate OCT scans against CT images 
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acquired within the same exam in an animal model was presented. The use of mechanical 
ventilation with pressure measurements enabled airway imaging to be performed under realistic 
conditions in vivo. A method for measurement of invasive airway pressures synchronously with 
OCT images was also presented. Since airway deformation depends on the local airway pressures, 
it is hoped that this approach will enable more accurate assessment of the airway mechanical 
properties. An optimized data acquisition scheme for a MEMS-VCSEL based OCT system was 
also developed, which improved the quality of the acquired OCT images considerably. Examples 
of OCT scans acquired in vivo in mechanically ventilated pig airways were presented to illustrate 
these benefits. 
Nasal airway volumes derived from OCT scans and cross sectional OCT images acquired 
in cadaveric nasal cavities were also presented. The OCT derived volumes depicted the complex 
morphology of the nasal valve region faithfully. The shape of the INV could also be obtained from 
the OCT scans.  
Suggestions were made to increase the imaging range and to reduce the rotational distortion 
with the current system. Finally, a novel all-fiber lens design that can produce a nearly collimated 
beam was presented. Such a beam profile is particularly suitable for imaging large luminal organs 
like the airway, where the probe position within the lumen is variable and unknown. Specifically, 
lenses with a working distance greater than 7 mm could be obtained with ball diameters as small 
as 365 µm and nearly collimated beams with working distances greater than 14 mm could be 
achieved with ball diameters of around 500 µm.
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